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B.G. Liubarskyi, L.V. Overianova, Ie.S. Riabov, D.I. Iakunin, O.O. Ostroverkh, Y.V. Voronin

ESTIMATION OF THE MAIN DIMENSIONS OF THE TRACTION PERMANENT
MAGNET-ASSISTED SYNCHRONOUS RELUCTANCE MOTOR

Goal. The goal of the research is to develop an algorithm for selecting the main dimensions of a traction permanent magnet-assisted
synchronous reluctance motor. Methodology. A method for determining the main dimensions of the motor, which combines the
analytical selection of stator parameters and numerical field calculations for the selection of rotor parameters. The need to check the
mechanical strength of a rotor with permanent NdFeB magnets in flux barriers is shown. Results. The article proposes an algorithm
for selecting the main dimensions of a traction permanent magnet-assisted synchronous reluctance motor, which combines analytical
expressions for selecting stator parameters and numerical field calculations for selecting rotor parameters. It is determined that
analytical methods for calculating the magnetic circuit need to be developed in order to reduce the time to select the main
dimensions of the motor. Originality. For the first time the sizes of active parts of the permanent magnet-assisted synchronous
reluctance motor with power of 180 kW for the drive of wheels of the trolleybus are defined. Practical significance. As a result of
research the sizes of active parts, stator winding data and a design of a rotor of the electric motor are defined. The obtained results
can be applied when creating an electric motor for a trolleybus. References 17, tables 3, figures 5.

Key words: permanent magnet-assisted synchronous reluctance motor, traction electric drive, permanent magnet, energy
efficiency.

Y cmammi posenanymi numanna npoekmyanHs msAc08020 CUHXPOHHO-DEAKMUBHO20 eNeKMpPOOSUSYHA 3 NOCMIIHUMU MASHIMAMU
nomyoscicmio 180 kBm 0aa npugody roxic mponetiboyca. 3anponoHo8ano cnocié eU3HAYEHHS 20106HUX PO3MIPIE eeKmpOO8UYHA,
AKUL NOEOHYE AHANIMUYHUL BUOIP NApamempie cmamopa ma HuceIbHO-NOAbOGI PO3PAXYHKU 05l 6UOOPY napamempis pomopa.
Tlokazana HeobOXiOHiCMb nepesipKu MexaHiuHol MiyHocmi pomopa,  AKomy posmauioéano nocmiini maewimu NdFeB y nomoxosux
bap’epax. YV pesynomami 00cniodcenHs GUHAYEHO PO3MIPU AKMUGHUX YacmuM, OOMOMKOSI Oaui cmamopa ma KOHCMPYKMUG
pomopa enexkmpodsucyna. bioin. 17, tabmn. 3, puc. 5.

Kniouogi cnoéa: cHHXpOHHO-PEAKTHUBHHUI JBUIYH 3 NOCTIHHMMH MarHiTaMH, TATOBUH €J1eKTPOIPHBOJ, NOCTiIHHMII MarHir,
eHeproe()eKTUBHICTb.

B cmamve paccmompenvi eonpocwl npoekmuposanus msa208020 CUHXPOHHO-PEAKMUBHO20 IJeKMpoosu2amens ¢ NOCMOAHHLIMU
mazcnumamu mownocmuvio 180 xBm Ona npusoda konec mpoaneiibyca. Ilpednodcen cnocob onpedenenus 2nagHbIX pasmepos
9NIeKMmpoosU2ames, KOMOPbI coYemaem aHAIUMUYecKull 8ul00p napamempos cCmamopa U YUCIEeHHO-Noiesble pacyemul OJis
evibopa napamempos pomopa. Ilokazana Heobdxo0umocms nposepKu MexaHuieckoll nPOYHOCIU POmopad, 8 KOMopom PacnoiodlceHo
nocmosnnvie machumsl NdFeB 6 nomoxosvix 6apvepax. B pezynomame ucciedoanus onpeoenenvl pasmepvl aKmMuHvlX yacmeil,
0OMOmMOUHbIe OaHHble CTNAOPA U KOHCTNPYKMUE pomopa snekmpodguzamens. bubn. 17, tabm. 3, puc. 5.

Kniouesvie ciosa: CHHXPOHHO-PEAKTHBHBIN ABHIaTe b ¢ MOCTOSHHBIMU MATHHTAMH, TATOBBIH 3J1eKTPONPHBO/, MOCTOSTHHBIH
MATHHUT, 3JHeProd(peKTHBHOCTD.

Introduction. At present, the worldwide practice is
the use of traction electric drives with induction electric

Analysis of literature data and problem
definition. A specific feature of the traction drive is a

motors on the rolling stock of railways, industrial and
urban transport [1-3]. In Ukraine, large-scale traction
induction electric drives are used in the rolling stock of
urban electric transport and main railways [4]. The main
advantages of the traction induction electric drive are high
energy and mass-size indicators, high level of reliability,
simplicity of design, long service life [5]. However, the
requirements for reducing energy and resource
consumption of rolling stock pose a task to the scientific
and technical community both to the further improvement
of traction induction electric drives, and the development
and research of other types of electric drives [6]. An
alternative approach to increase the efficiency of the
traction electric drive is the use of synchronous motors
with excitation from permanent magnets [7], but the large
mass of high-coercive permanent magnets significantly
increases the cost of production of such electric motors.

wide range of speed and torque control, and therefore, it is
important to ensure high energy performance of the
traction drive in different operating modes. According to
various authors, such characteristics are provided by
permanent magnet-assisted synchronous reluctance
motors (PMSynRM, PMA-SynRel) [8-12]. The weight
and size of the motor of this type are comparable to an
induction motor, and therefore the traction drive based on
a permanent magnet-assisted synchronous reluctance
motor is a «direct alternative» to the traction induction
electric drive.

PMSynRM is a synchronous reluctance motor
(SynRM) with permanent magnets inside the rotor. The
configuration of a typical PMSynRM is shown in Fig. 1
[8-10].

In this motor, as a rule, a distributed stator winding
isused [10, 11]. To increase the use of reactive torque, in

© B.G. Liubarskyi, L.V. Overianova, Ie.S. Riabov, D.I. Iakunin, O.0. Ostroverkh, Y.V. Voronin
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Fig. 1. PMSynRM configuration (a) and rotor section ().
Marked: W,, W,, W,,, H,, — tangential ribs, flux barriers, width
and height of permanent rotor magnets, respectively

the radial direction of the rotor after another channels of
flux barriers are placed one after another. A feature of the
rotor is the presence of permanent magnets (rare earth
magnets such as NdFeB, ferrite Y30) inserted into its flux
barriers [11-13]. The permanent magnets are uniformly
magnetized and form the g-axis of the rotor. Because
permanent magnets have about the same permeability as
air, they create a path with high resistance and magnetic
anisotropy in the g-axis direction. The steel part of the
rotor is formed by small segments isolated from each
other by flux barriers. These segments provide a path with
low flux resistance along the d-axis. To ensure the
strength of the rotor structure, it is necessary that the
ferromagnetic segments are internally connected to each
other, so the rotor structure uses tangential ribs near the
air gap with thickness W, [14]. Due to the installation of
permanent magnets, the tangential ribs are saturated
during normal operation of the motor and therefore
magnetically insulate various steel segments [14]. From
the point of view of creating torque, the scattering of the
flux caused by tangential ribs should be minimal [11].

A review of publications [10-14] shows that the
determination of the dimensions and parameters of
electric motors is carried out by numerical field
calculations in  combination with  multicriteria
optimization. The varied parameters are usually the
geometric dimensions of the elements of the magnetic
core. At the same time, since the PMSynRM stator is
similar to the stator of an AC motor, it is obvious that the
optimization model can be simplified by applying
classical methods for calculating the magnetic circuit of
electric machines for the stator, and using numerical
calculations only to determine the motor’s rotor
configuration. In addition, this decomposition allows to
estimate the size of the active parts of the motor and its fit
into the allotted mounting space without numerical
calculations of the magnetic field, resulting in a set of
allowable geometric stator parameters.

The goal of the work is the development of an
algorithm for selecting the main dimensions of a traction
permanent magnet-assisted synchronous reluctance
motor.

The aim of the study is the adaptation of methods
for selecting the main sizes of electric machines for their
application to PMSynRM.

A technique for choosing the main dimensions
of PMSynRM. The main dimensions of an electric
machine are the diameter of the armature or the diameter
of the stator bore and their axial length. These dimensions
depend on the power, rotation speed and a number of
indicators that characterize the use of active parts of
electric machines [5]. Features of traction electric
machines are, firstly, the regulation of rotation speed in a
wide range (the ratio of maximum rotation speed to
nominal one can be from 3 to 5 times, and the ratio of
maximum torque to nominal one — up to 2 times), and,
secondly, restrictions of overall dimensions associated
with the placement of the electric machine on the vehicle
and its arrangement in the transmission. This in most
cases makes it impossible to use the Arnold constant to
determine the main dimensions of traction electric
machines, so there are special procedures developed for
them [3, 5]. With this in mind, it is advisable to use this
approach to select the main sizes of PMSynRM.

The number of pole pairs is determined from the
condition of ensuring the maximum rotation speed at the
highest frequency of the supply voltage:

p: 60fmax , (1)

”max
where fi.x is the highest supply frequency; . is the
highest rotation speed.

Since the traction motor must have a high degree of
protection, which is adopted in order to prevent dirt from
entering the air gap between the stator and the rotor,
cooling of the electric motor is possible only through the
axial ventilation ducts in the stator. In the caseless design,
the axial channels are made directly in the stator sheet, for
example, by stamping. In the case of the stator housing,
the axial ventilation channels of the stator are formed by
the motor housing, to which the ribs for laminating the
stator core are welded, and the outer surface of the stator
core. Regardless of the method of formation of axial
ventilation ducts, their radial size (diameter or height) can
be taken equal to 12-20 mm (smaller values— in the case
of the housing). Adding to this size the thickness of the
housing of 8-10 mm and technological reserves for the
manufacture of holes, we obtain the outer diameter of the
stator magnetic core (calculated diameter of the active
part). This value is subject to specification based on the
results of calculations and design processing of the
electric motor.

The inner diameter of the stator D; (diameter of the
«borey) is determined by the expression

D;=K-D,, )
where K is the coefficient equal to, for example,
0.55-0.65 at 2p = 4, p is the number of pole pairs,
D, is the calculated diameter.
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To estimate the length of the stator magnetic core,
calculate the departure of the front parts of the stator
winding by expression

L,=(012+0,15p) 7, +10, (3)

where 7y is the average width of the stator coil.
Approximately the average width of the stator coil
can be determined by expression

VA
Tk = ﬂztavl > 4)

where f is the reduction of the winding step
(approximately assumed to be equal to 0,8); Z is the
number of slots in the stator; #,,; is the toothed step in the
middle of the height of the slot.

The largest number of slots is determined from the
expression

. (0.3...0,4)D; ’ )
bZ

where b, is the width of the stator tooth, which must be at
least 5—7 mm;

D.+h
Loyt = W > (6)

where 4, is the height of the slot which is determined by
the expression

h,=(3...4),, (7)
where b, is the width of the slot which is equal to
bn = tzl - b27 (8)
where t,; is toothed step on the inner diameter of the stator
7D;
t; = 71 )

The size of the axial length of the stator on the front
parts

L;=(0,7...08)L; , (10)

where L, is the body length (distance between the planes
of bearing plates).

The axial length of the stator magnetic core is
determined by the expression

Li=L—L,. (11)

The phase current of the motor is predetermined by
the expression

P-10°

1, =—,
3-Upy-1-cosp

i (12)
where P is the nominal power; U, is the nominal phase
voltage; #» is efficiency (approximately 0.93-0.95);
cos ¢ is the power factor (approximately 0.8—0.9).

The magnetic flux of the motor is pre-determined by
the expression

® =aBg1l,;, (13)

where o is the coefficient of the pole arc (take equal
to 2/m); Bs is the magnetic flux density in the air gap
(take no more than 1 T); 7 is the pole division.

The pole division is determined by the expression

r=""TL. 14

o (14)

The number of turns in the phase of the stator
winding is determined by the expression

0,95...0,98
w= ﬂ , (15)
4»44chnomkw1

where U,, is the phase voltage; k,; is the winding
coefficient (take equal to 0,9); f,.,. is the nominal voltage
frequency
J, nom = % > (16)
where n,,,, is the nominal rotation speed of the motor.
The number of effective conductors in the slot

2maw
n= 5

~ amn

where m is the number of phases of the motor (equal
to 3); a is the number of parallel branches (the current of
the parallel branch should not exceed 400 A).

It is advisable to choose the number of parallel
branches from the condition of providing a whole number
of slots per pole and phase

_ Z
7 2pma’

(18)

Preliminary assessment of the rotor configuration
(number of flux barriers, geometric dimensions of
permanent magnets) is performed by calculating the
magnetic circuit of the motor using substitution circuits.
The criterion for selecting a configuration option is to
provide nominal torque at nominal phase current. The
values of magnetic flux density in the parts of the
magnetic core are analyzed and, if necessary, its
geometric dimensions are adjusted.

When calculating the parameters of permanent
magnets are taken according to the data given in Table 1.

Table 1
Parameters of permanent magnets
Name Unit Value
Material of magnets NdFeB
Remanent flux density T 1,0
Coercive force kA/m 850

The next step is to calculate the magnetic field of the
motor in the FEMM environment, which clarifies the
results of the previous calculation [15-17].

Auxiliary criteria when choosing the configuration
of the rotor are to ensure its mechanical strength, as well
as satisfactory results of thermal calculation of the electric
motor.

As an example, consider the procedure for selecting
the main dimensions of PMSynRM to drive the wheels of
a trolleybus with the technical parameters listed in
Table 2. Technical parameters correspond to traction
induction electric motors used in trolleybuses.

ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 2 5



Table2  of the calculation of the rotor on strength — in Fig. 3. The
Technical parameters of PMSynRM sketch of the rotor is shown in Fig 4, the dependence of
Name Unit | Value the torque of the motor on the angle of rotation of the
Power W 180 rotor — in Fig. 5.
Linear voltage \% 400 Table 3
Phase current A 350 Stator data
Nominal rotation speed Rpm 1500 Name Value
Torque Nm 1110 Number of slots 36
Maximum rotation speed Rpm | 4000 Number of effective conductors in the slot 6
Maximum supply frequency Hz 150 Number of parallel branches 1
Step reduction ratio 0,778

The selection criterion is to ensure the torque
1100 Nm at phase current of 350 A. From the analysis of
designs of similar induction motors (AD903, DTA-1,
6DTA.002.1) we find that the external diameter of the
electric motor should not exceed 500 mm, axial length on
the case — 700 mm.

The procedure for determining the main dimensions
of the traction PMSynRM is a series of calculations,
which consist of calculations by analytical expressions
(1) — (17), magnetic field calculations in FEMM
environment (Fig. 2) and rotor strength calculations
(Fig. 3). The calculations were performed for several
values of the number of stator slots, after which the
number of effective conductors in the slot was
determined. After that, the calculations of the magnetic
circuit of the stator were performed to assess the magnetic
flux density in the teeth and the yoke (permissible values
— not more than 1.7 T. In case of excess —the geometric
dimensions of the slots were adjusted). Next, a sketch of
the cross section of the motor was developed to calculate
the magnetic field in the FEMM environment.
Calculations were performed for rotor configuration
options with two and three pairs of flux barriers. The
thickness of the flux barrier was assumed to be 10 mm.
The distance between the flux barriers in one layer is 5
mm. All flux barriers contain permanent magnets with
parameters according to Table 1. The calculation of the
magnetic field of the electric motor is performed for the
stator current 350 A, according to which, taking into
account the scheme of the stator winding, the
magnetomotive force of the conductors of the stator
winding is calculated. Calculations are performed for
several positions of the rotor. For calculation options
where the electromagnetic torque reaches more than
1100 Nm, calculations of a rotor on strength at frequency
of rotation of 4800 rpm are carried out. If the mechanical
strength of the rotor is provided (it is assumed that the
safety factor should be greater than 2), the option is
accepted as working.

After performing the above series of calculations,
the configuration of PMSynRM was determined which
satisfies the technical parameters specified in Table 2.

The stator data are given in Table 3, the results of
the calculation of the magnetic field — in Fig. 2, the results

Number of elementary conductors in the

effective one 3 (in height)

Step on the slots 1-8-19
Connection of phases — «star»

Calculated outer diameter of the stator, m 0,46

Boring diameter, m 0,3

Axial length of the magnetic core, m 0,3

One-side air gap, m 0,001

Dimensions of the stator winding conductor

(without insulation), mm 1,6x12,5

Slot height, m 0,040

Slot width, m 0,0145

! / — M
Fig. 2. Results of the calculation of the magnetic field in FEMM

T ——
Model name: Tinscranst ”~ ' &
Study rearms: S000geni- Dalault

Plt type- Factor of Safety Factd
Criterion : Autsratic
Fiekit of snbeby diotlshins b

Fig. 3. Results of the calculation of the rotor on strength
in SolidWorks Simulation
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51,11

Fig. 4. Sketch of the PMSynRM rotor

- 8 8 8

Torque (Nm)

" Angle of rofaion (clectical degree)
Fig. 5. Dependence of the torque on the angle of rotation
of the rotor

As it can be seen from Fig. 5, the required torque
equal to 1100 Nm is achieved by the calculated
configuration of the active parts of the motor. However, it
should be noted that in the given example of the
PMSynRM configuration, the maximum torque of the
electric motor does not significantly exceed the nominal
torque, which can negatively affect the performance of
the traction drive of the trolleybus.

Discussion of results. The proposed technique
allowed to determine the parameters of the PMSynRM
stator analytically, which reduced the number of options
for numerical field calculations. The technique was tested
in the calculation of PMSynRM with power of 180 kW
for the drive of trolleybus wheels. In order to further
reduce the numerical field calculations, it is advisable to
analytically determine the parameters for assessing the
performance of the electric motor. It is necessary to define
and apply in the developed methodology criteria that take
into account the frequency control of the motor.

Conclusions.

1. The paper proposes an algorithm for selecting the
main dimensions of a traction permanent magnet-assisted
synchronous reluctance motor which combines analytical
expressions for selecting stator parameters and numerical
field calculations for selecting rotor parameters. The
technique was tested in determining the configuration of
PMSynRM with power of 180 kW.

2.1t is determined that analytical methods for
calculating the magnetic circuit need to be developed in

order to reduce the time for choosing the main dimensions
of the electric motor.

3. Techniques of heat-ventilation calculations of a
traction  permanent  magnet-assisted  synchronous
reluctance electric motor and methods of calculation of its
characteristics, based on the results of which a decision is
made on the conformity of the electric motor to technical
requirements, need to be developed.
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V.S. Malyar, O.Ye. Hamola, V.S. Maday, 1.I. Vasylchyshyn

MATHEMATICAL MODELLING OF STARTING MODES OF INDUCTION MOTORS
WITH SQUIRREL-CAGE ROTOR

Purpose. Development of methods and algorithms for calculation of starting modes of the induction motors with the squirrel-cage
rotor. Methodology. Mathematical modelling of starting modes of asynchronous electric drives in various coordinate systems with
the use of numerical methods for solving boundary problems for systems of differential equations and nonlinear systems of final
equations and calculation with their use of static characteristics. Results. Methods and algorithms for numerical analysis of the
starting modes of asynchronous electric drive have been developed, which make it possible to calculate the static characteristics and
transients in fixed three-phase and orthogonal two-phase coordinate systems. Academic novelty. Known in the literature methods of
calculation of starting modes have in their basis classical equivalent circuits with different approximate methods of calculating the
parameters taking into account the saturation of a magnetic core and current displacement in a rotor winding. This approach
requires a special solution of the adequacy problem for each problem. The methods described in the article for the saturation
accounting use real magnetization characteristics of the main magnetic flux and leakage fluxes separately, and the skin effect
phenomenon is taken into account by representing the squirrel-cage rotor winding as multilayer. Such mathematical model of the
motor is universal and makes it possible to take into account the saturation and current displacement in any dynamic mode,
including the start-up process. Mathematical models developed on the basis of the proposed methods provide the adequacy of results
with a minimum amount of calculations and make it possible to perform optimization calculations. Practical value. Created on the
basis of developed algorithms calculation programs allow to carry out with high reliability calculation of starting modes both in
three-phase and two-phase axes of coordinates that gives the chance to analyze not only symmetric, but also asymmetric modes and
to predict special features of functioning of system of the electric drive in the set technological conditions of operation and to form
requirements to development and adjustment of starting systems with the purpose of maintenance of power effective and reliable
operation of system of asynchronous electric drives. References 15, figures 5.

Key words: induction motor, mathematical models, starting static characteristics, transients, saturation of the magnetic core,
current displacement, compensation of reactive power.

Po3pobneno memoou i aneopummu 4UCI06020 AHANIZY NYCKOGUX PEICUMIE ACUHXPOHHO20 eNeKMPOnpusooy, sAKi 0arome 3Mo2y
PO3paxoeysamu cmamuiti Xapakmepucmuxy i nepexioni npoyecu 3 ypaxy8anHaM HACUYEHHs MAZHIMONPOBOOY i AGUWA CKil-eermy
6 cmepoicHAx pomopa. Mamemamuunoio 0cHOBOI0 pO3POONEeHUX aANOPUMMIE € NPOeKYIUHULL MemoO pO38’°A3Y6aHHs HeNiHIlIHUX
Kpailogux 3a0au, mMemoo npooosxcenHs no napamempy, memoo Hviomona po3e’azyeanns neniMiiHux cucmem pi6HAHL, YUCI08020
iHme2py6anHs HeIHIUHUX cucmem OugepenyianoHux pigHsanb. Pospobreni mamemamuyni mooeni oaiomv 3M02y 30IlCHIOBAMU 3
BUCOKOI0 OOCMOBIPHICIIO PO3PAXYHOK NYCKOBUX DeXHCUMIB Yy mpu@asnux i 080QhasHUX KOOPOUHAMHUX OCAX, WO OA€E 3MO2Y
aHanizyeamu He MINbKU CUMEMPUYHI, aie U HeCUMEMmPUUHI PedlCUMU i NPOSHO3Yeamu 0COOAUBOCMI (DYHKYIOHYBAHHA CUCTEMU
ACUHXPOHHO20 eNeKMPONPUBOOY 8 3a0AHUX MEXHON02IUHUX yMosax ekcnayamayii. biou. 15, puc. 5.

Kniouogi cnosa: acMHXpPOHHMIi ABMI'YH, MaTeMaTH4Hi MojeJi, NYCKOBi CTaTHYHi XapaKTepHCTHKH, IepexigHi mpouecw,
HACHYEeHHS MATHITONPOBOAY, BUTICHEHHSI CTPYMY, KOMIIEHCALlisl peAKTHBHOI MOTYKHOCTI.

Paspabomansl mMemoobl U aneopummul YUCIEHHO20 AHANU3A NYCKOBbIX PENCUMOS ACUHXPOHHO20 DIEeKMPONPUSOOd, KOMOopble
NO360AIOM PACCUUMBIEANb CINAMUYECKUe XAPAKMEPUCIUKU U NEPEXOOHble NPOYECChbl C YYemoM HACLIUWeEHUs MACHUMONposood u
AGNeHUA CKUH-3¢)exma 6 cmepoicHax pomopa. Mamemamuyeckoii 0CHO80U pazspaboOmManHbIX alOPUMMO8 AGIAEMCS NPOEKYUOHHbII
Memoo peuienus HeIUHEUHbIX KpaesbiX 3a0ay, Memood NpOOOIdCeHUs no napamempy, memoo HviomoHa pewieHus HenuHeuHblx
cucmem YpagHeHuul, YUCIEHHO20 UHMEeZPUPOBAHUA HETUHEUHbIX cucmem Oughgepenyuanvhubvlx ypasuwenutl. Paspabomanmvie
Mamemamuyeckue MoOenu NO380IAION OCYWeCMBIANMb PAcyem NyCKOBbIX PEXCUMO8 8 MPEXPAHBIX U O8YXPAZHBIX KOOPOUHATNHBIX
0CAX, YMO NO360JA€M AHATUSUPOBANMb HE MOJbKO CUMMEmPUYHble, HO U HECUMMEMPUUHbBIE PEXCUMbL U NPOSHO3UPOBANTb
ocobenHocmu  PYHKYUOHUPOBAHUA — CUCHIEMbL  ACUHXPOHHO20 — DNEKMPONPUBOOA 6 3A0AHHLIX —MEXHON0SUYECKUX — YCIOBUX
akenayamayuu. bubin. 15, puc. 5.

Kniouesvie cnosa: acWHXpPOHHBIH [BHUTaTeslb, MaTeMaTH4ecKHe MOJeJIH, MNYCKOBble CTATHYECKHE XapaKTepPHCTHKH,
nepexo/iHbIe MPOLECChl, HACHIIEHHE MATHUTONPOBO/IA, BHITECHEHHE TOKA, KOMIIEHCAIUS PEAKTHBHOI MOIHOCTH.

Introduction. Three-phase induction motors (IMs)
with a squirrel-cage rotor are the most common in modern
electric drives. They are the main consumers of electricity

also by significant pulsations of the electromagnetic
torque, and the shock torques affect the bearing
assemblies and other elements of the electric drive.

in general and reactive power in particular. One of the
problems of asynchronous electric drives is significant
starting currents, which affect the quality of electrical
energy of the network, which negatively affects other
receivers. Despite the short duration of the start-up
processes, frequent switching on of the IMs affects the
reliability of their operation and reduces the service life.
Direct connection of the IM to the network is
accompanied not only by significant starting currents, but

Finally, the starting currents of the IM cause electrical
losses in the supply line, and if under the conditions of the
electric drive operation the frequency of starts is
significant, then, accordingly, the share of energy
expended on starts is significant. This problem is
especially relevant for electric drives with difficult
starting conditions, including frequency-regulated ones.
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Analysis of recent research. During start-up, the
winding current of the stator of the IM can reach 5-7
times [1, 2], which is not always acceptable in specific
operating conditions [3]. In addition, for some electric
drives (ball mills, various crushers, etc.), which are started
under load, it is necessary that the driving torque is
several times higher than the critical one [4, 5], at which
the starting current can exceed the nominal one several
times. For long-term operation, this value of current is
unacceptable, but it significantly reduces the start-up time
[2], and thus reduces the operating time with such current.
Prolonged starting of the electric drive with difficult
starting conditions can lead to excess of admissible
heating of a winding of a stator of the motor, especially in
the conditions of frequent starts.

To form the necessary law of change of the
electromagnetic torque of the IM in the course of start-up,
starting control devices are used [6]. The task of
developing an algorithm for the operation of starting
equipment under conditions of providing the required
driving torque with a minimum value of starting current
[2] requires the definition of the laws of change of starting
currents and electromagnetic torque.

The starting currents of the IM have a significant
reactive component, which can be compensated by static
capacitors [6-8]. In particular, to reduce the start-up time
of high-power motors, capacitors connected in series to
the stator winding can be used, which not only cause an
increase in voltage on the motor, but can also cause
resonance [9]. In connection with these problems, it is
important to choose the starting control equipment, which
should provide the necessary mechanical characteristics
during the start-up process with the minimum possible
power consumption [4, 5]. And since the control
equipment and its maintenance requires additional
material costs, it is necessary to find a compromise
between saving electricity due to the economic flow of
start-up processes and the cost of regulation. An overview
of methods for improving the energy -efficiency of
asynchronous electric drives is given in [10].

To optimize the process of starting of the IM, taking
into account the operating conditions of the electric drive,
it is necessary to analyze it by methods of mathematical
modelling. Therefore, the development of methods for
calculating start-up processes is an urgent task.

IM is the main element of the electric drive, so the
reliability of the calculation results depend on the level of
adequacy of its mathematical model, and the speed of
calculation codes — on the mathematical method and
algorithm for its implementation. High accuracy of
calculation of operating modes of the IM cannot be
reached with use of their simple mathematical models,
and use of a high level of complexity of models demands
application of the difficult mathematical apparatus. The
level of complexity of the mathematical model of the IM
and the methods that must be used to calculate the modes
and characteristics of its use are interrelated.

Most methods of calculating start-up modes,
including those used in known computing environments,

are based on the classic substituting circuits of the IM,
which do not always meet the needs of practice. In order
to increase the accuracy of calculations, in some works
[4, 11] the authors divide the start-up process into
separate parts. However, reliable information about the
course of processes during start-up can be obtained only
with the help of highly developed mathematical models of
the IM, which adequately take into account all major
factors, in particular, changes in inductive resistances due
to saturation and in active resistances due to skin effect.
In addition, the mathematical model of the electric drive
system must take into account the law of change of the
moment of resistance on the shaft of the IM during start-
up [1]. Methods [2, 12, 13], which are based on a
combination of field methods with circuit ones, allow to
increase the accuracy of determining the electromagnetic
torque, but due to their cumbersomeness they are not
suitable for real-time control of the electric drive.

The goal of the paper is the development of
mathematical models, methods and algorithms for
calculating the starting modes of IMs.

Presentation of the main material. The equations
of electrical equilibrium of the circuits of the IM, written
for physical circuits, have the form

¥ Ri-u, (1)
dt

where l/l=(l//l,...,l//k)*, i=(il,...,ik)* are the vectors of

flux linkages and currents of & circuits (superscript (*)
means transposition); R is the diagonal matrix of active
resistances; u is the vector of applied voltages.

The mathematical model of the IM requires the
calculation of flux linkages W and electromagnetic
parameters L = Ow/0i according to the selected coordinate
system. The flux linkage of each winding is a complex
nonlinear function y = (i, ) of the currents of all its
circuits and the position of the rotor, which is determined
by the angular coordinate y of the rotor rotation.
Therefore, differential equations (DEs), written for
instantaneous values of physical coordinates, have
periodic coefficients that complicate their solution.
However, most practically important problems can be
solved using transformed coordinate systems, which are
based on the theory of image vectors [6, 14], the purpose
of transition to which is to subtract the rotor rotation angle
from the equations of electrical equilibrium of the circuits
of the IM.

The question of choosing a coordinate system is of
fundamental importance for the development of
mathematical models of specific dynamic modes of
electric drives. Both the volume of calculations and the
accuracy of the calculation results depend on the chosen
coordinate system. The developed methods the following
are used:

a) a system of fixed three-phase axes that coincide with
the physical axes of the stator phases;

b)a system of orthogonal axes x, y, 0, which rotate at
any speed.
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Magnetic cores of modern IMs have a high level of
saturation, which causes nonlinearity of dependencies of
flux linkages of circuits on currents, so mathematical
models based on the assumption of their linearity do not
provide the possibility of calculating dynamic modes with
the required accuracy for modern engineering practice.
Linearization of electromagnetic connections in the IM
does not solve the problem, because in a real machine the
saturation varies widely and is determined by the
instantaneous values of the currents of all circuits. In the
developed mathematical models for calculation of a
matrix L of differential inductances of circuits of the IM,
the basic characteristic of magnetization y, = y,(i,) is
used as dependence of working flux linkage on
magnetization current i, and dependencies of flux
linkages of scattering of circuits of stator y; = w,(is) and
rotor ¥, = W,(i,) windings on the respective stator (s)
and rotor (r) currents, which are calculated based on
the geometric dimensions of the magnetic core and
winding data.

In addition to saturation, the processes in the IM in
dynamic modes are significantly affected by the
phenomenon of current displacement in the rods of the
squirrel-cage rotor, taking into account which in the
starting modes is essential. Its consideration by artificial
methods on the basis of the predicted distribution of
penetration into the depth of the slot of the
electromagnetic wave is probabilistic. Methods of taking
into account the skin effect based on the calculation of the
magnetic field in the slot of the machine [12, 13] are
unacceptable due to their cumbersomeness. In the
developed mathematical models, the rotor rods and short-
circuiting rings are divided into » layers in height, which
allows to solve the problem based on the theory of circuits
[9]. As a result, we obtain n short-circuited windings on
the rotor, between which there is a mutual inductive
connection due to both the main magnetic flux and the
scattering fluxes.

A mathematical model in fixed three-phase
coordinates. Processes in the IM are described by a
system of finite and differential equations compiled
according to the Kirchhoff first and the second laws. To
calculate the transients, it is expedient to replace the finite
equations drawn up according to the Kirchhoff first law
with differential ones. As a result, in a fixed three-phase
coordinate system, electromagnetic processes are
described by the DE system, which consists of three
equations for the stator circuits

dy4 dyp - -

— Y =U —ryly +rpip;

” i AB ~T4t4 7RI

dyp dyc . .

— 2 ———==upr —rpip +rcic; 2a
" ol BC —TBig +1cic (2a)

dig | dig | dic _

dt dt dt

and 37 equations for n equivalent rotor windings

dl//aj dl//bj . .

o aald Ty —a(l//bj -2y 'H//ajl
dyp  dy . .

Lo iy + i~y 2wy + vy b 2b)

dt dt
di,; diy;, di.;

G WL TG g (j=1,n),

dt dt dt

where o = a)o(l—s)/ V3 s is the sliding; ay is the motor

supply voltage frequency; Wi, i, 7, (k= A4, B, C, a;, b;, c))
are the phase flux linkages, currents and active
resistances, respectively, j = 1,...,n; uyp, upc are the
instantaneous values of line voltages.

The problem of starting the electric drive system
requires a study of the process of breaking the IM taking
into account the mechanical characteristics of the working
mechanism [1, 5] in the form of the dependence of the
instantaneous value of the load torque on the shaft
M, = M(?) on time or angle of rotation of the rotor which
may exceed its maximum passport value in operating
mode [4, 5]. An important problem is the study of motor
acceleration time to nominal speed [2], especially for
electric drives with difficult starting conditions. Often
speed is the main requirement for the operation of
technological equipment. To form the necessary
characteristics of the electric drive system, specially
programmed starting systems are used [1, 6], which can
be done using appropriate mathematical models.

To calculate the electromechanical process of
starting the IM it is necessary to supplement the DE
system (2) with the equation of mechanical equilibrium

do  p

Mo =M,), 3)
where @ is the angular speed of rotation of the rotor; p is
the number of pole pairs of the IM; J is the moment
of inertia of the electric drive system reduced to the
motor shaft.

The electromagnetic torque of the IM in the phase

coordinates is determined by the formula

M, = poly 4lip —ic)+walic —ia)+welia—ip))/V3.
where wy, ws, W, i4, ip, ic are the projections of the
image coupling vectors of the flux linkage y, and the
magnetization current i, on the corresponding phase axes.

The DE system (2) together with equation (3) makes
it possible to calculate the transient of starting the IM. To
do this, it is necessary to integrate it numerically under
zero 1initial conditions, calculating at each step of
integration the matrix of differential inductivities and the
vector of flux linkages [14].

Example of calculation of the start-up process of the
IM 4A160M6Y3 (Py = 15 kW, Uy = 380/220 V,
sy = 0.026; kypmax = 2.0; kyy = 1.2; ny = 1000 rpm; kj = 6;
cospy = 0.875) with a nominal load for different values of
the moment of inertia of the electric drive system is
shown in Fig. 1
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Fig. 1. Time dependencies of relative values of stator current (1)
and electromagnetic torque (M,") during start-up of the IM with
nominal moment of loading and various moments of inertia:
J—(a) and 5J - (b)

075 1

In order to present the projection method for
calculating the steady state, we write system (2) in the
form of a vector DE

dv/cg:,t) — (lint) u ), “

in which the periodic perturbation is the vector of applied
voltages u(t) = u(t + 7).

In the steady state (at a constant sliding value s),
the solution of the DE system (4) is the T-periodic
time dependencies of the components of the vector
i(f) = i(t + T). The problem of their definition can be most
effectively solved in the timeless domain by solving the
boundary value problem using developed on the basis of
the general theory of nonlinear oscillations the projection
method, the theoretical basis of which 1is the
approximation of state coordinates by splines. To do this,
we approximate each coordinate of the vector y on the
mesh of N nodes of the period by a third-order spline in
accordance with what was stated in [15]. As a result, we
obtain a continuous function, which is on every j-th time
section =1 -1, (j = 1,...,N) is described by the equation
of the form

w(t)=a;+b,(t; =0+l =P+l ~o
spline coefficients, the ratio between which is determined
by its properties. In particular,

wli)=vj=a;, dy/dtl . =-b;.

As a result, we obtain a system of discrete equations
HY -7Z=0, (5)
in which H is the transition matrix from the continuous

change of coordinates to their nodal values [15], the
elements of which are determined only by the mesh of

nodes in the period; ¥ = (w, ..., y/N)*; Z=(, ..., zN)*;
U=, ..., uN)* are the column vectors, the components
of which are the nodal values of the corresponding
vectors of the system (4).

The system (5) of algebraic equations is a discrete
analogue of the DE system (4). Its solution is a vector of
nodal values of coordinates, the dependence of which on
sliding s can be obtained by the differential method.
To do this, we differentiate system (5) by s

¥ _dzZ
ds ds
where W is the Jacobi matrix.

As a result of integrating the nonlinear DE system
(6) by one of the numerical methods by s we obtain a
multidimensional characteristic in the form of a set of
periodic time dependencies of nodal coordinates for each
sliding, using which we obtain the dependencies of flux
linkages, electromagnetic torque and so on. An example
of static characteristics calculations for the 4A160M6Y3
motor is shown in Fig. 2.

(6)

cosg I',M;
1.0 10
0735175 T
05k s
COSQ
025125 M,
(- 5
0 0 0.75 0a 025 1]
a
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!
4.5
3 F
15
0 5
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b

Fig. 2. Starting characteristics of the IM for current (I*),
electromagnetic torque (M,") and cosg (a), as well as active PH
and reactive (Q") powers (b) in relative units

Features of mathematical modelling of starting
modes of the electric drive with individual
compensation of reactive power. The so-called cosine
capacitors can be connected in series or in parallel. For
mathematical modelling of starting modes of the electric
drive with longitudinal compensation it is necessary to
replace the first two equations (2a) of the system in the
initial DE system DR with those in which the presence of
series-connected capacitors is taken into account:

dy,4 dyp : -

— = ———==Uyp — Tyl trpip —Upy U,
dt dt AB A'A B'B kA kB
dyg _dyc : .

———————=upgc —Igip+rcic —upp +tuc,
dt dt BC ~'B'B ctC kB kC
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where w4, u, uic are the voltages on capacitors, and
supplement it with equations

dupy iy dwp ip duyc _ic

d C’ d C a C

In this case, the voltage drop across the phase
capacitors affects the supply voltage of the motor, and
therefore the electromagnetic torque, current and power
can far exceed the nominal values. An example of the
dependencies of the effective values of current, power and
electromagnetic torque on the capacitance of series-
connected capacitors, made on the basis of the calculation
of currents and flux linkages of the circuits of the motor
4A160M6U3 at s = 1 is shown in Fig. 3.

F I M,
15
Pt
J.I.t
1.5
M,
0 CpF
3
a 3«10 4107

Fig. 3. Dependencies of relative values of current (I'),
active power (P) and electromagnetic torque (M, ) of the IM
on the capacitance of series-connected capacitors

If the capacitors are connected in parallel to the IM,
the mathematical model described by the system of
equations (2) does not require changes, because the
currents in them can be found separately, as the voltage
on them is known. The currents in the supply line i'4, '3,
i’ are defined as the sum of the currents of the motor iy,
ip, ic and parallel connected capacitors iy, ip icy. An
example of the results of the calculation of the periodic
dependences of the instantaneous values of the currents of
phase A4 is shown in Fig. 4, and the dependencies of their
effective values (in p.u.) and cosp on the value of the
capacitance of the capacitors — in Fig. 5.

The value of the capacitance selected by the static
characteristic must be checked in the dynamic mode by
calculating the transient because the capacitors connected
in series can lead to the appearance of resonant
phenomena [6, 9].

i, A

220

140

- 140

- 203 7 I

Fig. 4. Curves of currents of phase 4:
i’y — supply line; i, — capacitor; i, — motor

Cos g ?.5iﬂp'u' .
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n313 LES
ot o <
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Fig. 5. Dependencies on the capacitance of the effective values
of currents of phase A:
i' 4 — supply line; iy — motor and of cosg of the electric drive
systems with capacitors connected in parallel

A mathematical model in orthogonal coordinates.
In symmetrical modes of operation of the IM in the
absence of higher harmonics in the supply voltages of the
stator, the starting modes can be considered in orthogonal
coordinates. The mathematical model of the electric drive
system in the coordinate basis converted to orthogonal
axes is much simpler than the model in three-phase axes,
but its scope is narrowed.

Consider a mathematical model for studying the
starting characteristics of the IM using a system of
coordinate axes x, y. To do this, the three-phase stator
winding and formed by the rotor rods n equivalent three-
phase windings are reduced to the x, y axes. As a result,
we will have two windings on the stator and 2n windings
on the rotor. The DE system of electrical equilibrium of
circuits has the form

dy s .
——= =0y, — Vel TU S
dt 0¥ sy — I'stsx X
dy
- =Y sx ~Tslsy Ty
dt
dl//lx :
——= =501, — iy ;
dt 0¥1y — "'lx
dy,
y .
=—SsoyW1, — iy 5 7
dt 0%1x ~ "1’y
AY .
— = SO0y — Tyl 5
dt 0% ny — "n*nx
dy
= :_Sa)Ol//nx_rninya
dt

where Wi, Wiy, Wiv, Wiy, - » Wi, Wy are the flux linkages
and iy, iy, Qe il , im, Iy are the currents of
transformed circuits; r,, 7, .. , r, are their active
resistances.

The DE system (7) together with the equation of
rotor motion

dS po 3 . .
E = _J_a)o(z Po (l//sxlsy ~Wsylsx )_ M, j

allows to investigate the process of starting of the IM with
or without load (M, = 0) by solving the Cauchy problem
in the time domain.

Under the condition of constant sliding, the DE
system (7) is transformed into a system of ordinary
nonlinear equations
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—OgY sy Fslsy =Up s
WY sx + r:visy =0;

—SOoY1y +ni, =0;

saoyy +ni, =03 (3)

—SOYY yy, + Ty =0
SO . + Tyl = 0.

The multidimensional static characteristic as the
dependence of the mode coordinates on the sliding can be
calculated by solving the system of equations (8) for the
sequence of sliding values s. One of the ways to
determine the solution of system (8) at a given value of
sliding s is the method of differentiation by parameter. To
do this, write it in vector form

Yw.is)=u, ©)
multiply the vector # by the scalar parameter £(0 < ¢< 1)
and differentiate the obtained system by the parameter &.
As aresult, we get the DE
di

A—=u. 10
il (10)

Integrating the vector DE (10) by ¢ (which can be
done by the Euler method in a few steps), we obtain the
value of the vector of currents i, which is refined by the
Newton iterative method. The initial conditions (the value
of the vector i) are zero, because for £ = 0 the vector of
applied voltages is zero. The increment Ai® of the current
vector i at the k-th iteration step is determined by the
formula

AN = —Z(i(k)), (11)

where Z(i") is the residual vector of system (9) at given
values of sliding s and the voltage vector u®.
In the case of series-connected capacitors, the first

two equations of system (8) have the form

D0 sy — Folgy + xcisy =Ugy s
WY sx — rsl.sy —Xelgy = Uy,
where x. = 1/(wy(1 - 5)); uye = Uy = 0.

Given a number of sliding values s of the rotor of the
IM, we can get a multidimensional static characteristic
in the form of the dependence of the coordinates on
the sliding.

Conclusions and prospects for the development of
the direction. One of the most important modes of
asynchronous electric drive is the start-up process, so in
the technical literature the problem of its analysis is given
considerable attention. Various computer technologies are
developed for the design of controlled asynchronous
electric drives and their control systems, the basis of
which are applied computer codes necessary for the
analysis of electromechanical processes in electric drives.
Not only quantitative but also qualitative indicators of the
electric drive system, which must provide the necessary
mechanical  characteristics  determined by  the
technological process and meet modern requirements for

energy efficiency, depend on their adequacy. To solve
these problems, the paper develops mathematical models
that adequately reflect the electromagnetic processes in
the IM and do not require significant computing
resources. In particular, the design of the electric drive
system requires the choice of its elements, including the
starting control equipment, which can be done by
calculating the static characteristics. With their help it is
possible to determine the limit values of currents, torque,
power, etc. in order to establish the functioning of the
starting control equipment.

The developed calculation methods are based on the
mathematical model of the IM, which takes into account
both the change of natural and mutual differential
inductive resistances of the motor due to saturation of the
magnetic core and active resistances of squirrel-cage rotor
winding due to current displacement in the rods. The
mathematical model for the calculation of static
characteristics in three-phase braked axes is based on
solving the boundary value problem for DE of the first
order with periodic boundary conditions and allows to
perform  optimization calculations with  minimal
computational costs. A feature of the model is the ability
to investigate the processes at asymmetry of supply
voltages, as well as at the presence of capacitors with
longitudinal compensation of reactive power.

For symmetrical modes of operation the method of
calculation of modes and characteristics in orthogonal
coordinate axes x, y is developed which allows to carry
out calculation with the minimum volume of calculations
and accordingly expenses of computation time, and
therefore to use the developed algorithm for control of the
electric drive system in dynamic modes in real-time
process. However, its use is limited to symmetrical modes
of operation of the electric drive.

Peculiarities of using the developed mathematical
models and algorithms for research of influence of
capacitors on parameters of the electric drive at
longitudinal and cross compensation of reactive power are
presented.
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MATHEMATICAL MODELLING OF TRANSIENTS IN THE ELECTRIC DRIVE OF THE
TURNOUT OF THE MONO-SLEEPER TYPE WITH SWITCHED-INDUCTOR MOTOR

Introduction. The study is devoted to the development of the functionality of a railway track switch by introducing a switched-
inductor electric drive. This solution justifies simplifying the mechanical part of the switches by changing the gearbox to a ball-
screw and locating the all kinematic line of the switches on the mono-sleeper type. Goal. A study of the mono-sleeper turnout type
behaviour to meet modern traffic safety requirements and improve operational reliability factors. Methodology. Based on electric
drive theory, a kinematic line of a mono-switch turnout type with nonlinear friction characteristic is presented. Using differential
equation theory and Laplace transformation, a mathematic description of a four-phase switched-inductor motor with ball-screw
in a mechanical line of a single-mass electromechanical system has been made. A simulation mathematical model of the electric
drive of mono-sleeper turnout type as the control system with a switched-inductor motor and nonlinear friction characteristic was
built in MATLAB. Results. Simulation modelling of a mathematical model of a mono-sleeper turnout type with a switched-
inductor motor and ball-screw gear has been developed and implemented. Studies of dynamics of turnout point movement have
shown that, in contrast to the motors used today, the switched-inductor motor makes it possible to simplify the mechanical part of
the drive, which leads to reduced time spent on laying and maintenance of turnout points, and therefore makes the design more
reliable. The application of PID controller and fuzzy speed controller has shown improved dynamics of turnout point, while the
fuzzy PID controller provides better performance of the set values and turnout point movements. Originality. First developed a
mathematical model of the electric drive of the mono-sleeper turnout type, taking into account nonlinear friction characteristic,
as an object of speed control of turnout point movement, is developed. Practical value. The developed mathematical model of a
railway track turnout of the mono-sleeper type with a switched-inductor motor and ball-screw gear enables more efficient use of
a microprocessor control system, creation of promising electric motor protection means and control of a turnout point.
References 18, table 2, figure 14.

Key words: switched-inductor electric drive, electromechanical system, control system, fuzzy speed controller.

Poboma npucesuena po3eumxy QyHKYIOHANLHOCMI 3ANI3HUYHO20 CMIPIIOYHO20 NePesooy WNAXOM BNPOBAONCEHHS 6EHMUIbHO-
iHOyKmopHozo enekmponpueody. Take piwenns dac 00TpyHMY8aHHA ONiA CNPOUWEHHA MEeXAHIYHOI YaCmuNYU CMPIIOUYHO20 Nepesooy
WLAXOM 3aMIHU peOYKmMOopa Ha KYIbKOGO-28UHIMOBY NAPY, A MAKOIC POSMICIUMU YCI0 KIHeMAMUyHy NiHil0 CMPINOYHO20 nepeooy Ha
oonuiu wnani. Hageoeno mamemamuunuii onuc 4omupughazHozo 6eHmMuibHO-iHOYKIMOPHO20 O8USYHA, MA CAPOWEHOI MeXaHiYHOT TiHIT
CmMpinounozo nepesody y 6u2isadi 00HOMAcoBoi enexkmpomexauiynoi cucmemu. Pospobrena imimayiiina mamemamuuna mooeins
e1eKmponpugoody CMpIlouHO20 Nepesooy MOHOWNANLHO20 MUNy K Cucmema Nnione2no2o KepyeauHs 3 6eHMulbHO-IHOYKIMOPHUM
08USYHOM, AIKA 8PAXO0GYE HENIHIlNY XapaKkmepucmuky Hasanmaoicenns. Haseoeno pezynomamu xomn tomepno2o mooenosants 3 I1JJ[
Ma HeuimKuM pe2yismopom weuokocmi, axi noxasaau, wo wewimkutl I1[/] pecynamop 6invu AKIiCHO 8i0NPAYbOBYE 3A0AHI GEeNUYUHU
ma nepemiwenns cocmpsaxis. bion. 18, Tabin. 2, puc. 14.

Kniouogi cnosa: BeHTWIbHO-IHAYKTOPHHUI eJIEKTPONPHBOJA, €JeKTPOMEXaHiYHAa cHCTeMa, CHCTeMa KepPyBaHHS, He4iTKHi
peryJasiTop BUAKOCTI.

Paboma noceswena passumuio GyHKYUOHANLHOCIU HCENEZHOOOPONHCHOZO CMPENOYHO20 Nepesood Nymem 6HeOPeHUs BeHMUIbHO-
UHOYKIMOPHO20 nekmponpugoda. Takoe peutenue daem 060CHO8aHUe Ol YRPOWEHUA MEXAHUYECKOU YaCMU CMPeNoYHO20 Nepesodd
nymem 3ameHvl peOYKMopd HA WAPUKO-8UHIMOBYIO NApy, d MAKXHCe PASMECMumb 6CH0 KUHEMAMUYECKYI0 JUHUK CMPENLoYHO20
nepeeooa Ha ooHou wnaie. Ilpugedeno mamemamuyeckoe OnUcaAHUe YemblpexQasHo20 GeHMUTbHO-UHOYKIMOPHO20 O8u2amensi u
VHPOWEHHOU — MEXAHUYECKOU JUHUU CMPENoYHO20 nepegodd 6 Gude O0OHOMACCOBOU  ANEKMPOMEXAHUYECKOU — CUCTEMbL.
Paspabomannas umumayuonnas mamemamuieckas Mooeib 2NeKMpOnpusood CmpenouHozo nepesood MOHOWNAILHO20 MUNa Kax
cucmema NOOYUHEHHO20 YNPAGIEHUs C 6EHMUIbHO-UHOYKMOPHBIM O8USAMeNeM VYUMbIGAem HENUHEUHYI0 XaPaAKMEePUCuKy
naepysku. Ilpusedennvie pe3ynrbmamosl KOMRbIOMEPHO20 Mmoldenupoganus ¢ ITH/] u newemkum pecynsmopom CKOpOCMU NOKA3ANU,
ymo newemrkuti IIHJ] pezynsmop Gonee xauecmeenno ompabamvléaem 3a0aHHble GelUYUHbL U Nepemewjerus ocmpaxkos. buodm. 18
Tabm. 2, puc. 14.

Kniouesvie cnosa: BEHTHILHO-MHAYKTOPHBIH 3J1eKTPONPHBOA, 3J1eKTPOMEXaHHYeCKasi CHCTeMa, CHCTeMa YNpaBJeHHus,
HEeYeTKMii peryJisirop CKOpOCTH.

Introduction. One of the main directions of (about 30 % of the total length) require overhaul and

implementation of the National Transport Strategy of
Ukraine for the period up to 2030 [1] is the renewal of the
transport sector of Ukraine and the gradual harmonization
of existing Standards and policies in this area with
existing ones in the European Union. Among the main
goals and objectives for the development of the transport
sector is the development of the railway transport sector,
technical capacity of the railway, as there is a threat of
failure to meet the needs of Ukraine's economy in
transportation and the impossibility of passenger traffic.
Today, the technical resource of the railway is
almost exhausted, about 11 thousand km of railway tracks

reconstruction, there is a low speed of trains, exacerbated
by the wear of tracks that are in critical condition. The
load intensity of Ukrainian railways (annual volume of
traffic per 1 km) is 3-5 times higher than the
corresponding rate of developed European countries [2].
That is why in the field of railway transport one of
the priority areas of formation and implementation of
state policy is the transfer of the industry to the European
level, renewal and modernization of fixed assets;
technical and technological modernization of railway
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transport, increasing the level of safety of railway
transportation, modernization of track facilities.

The implementation of these areas of technical and
technological modernization of railway transport will help
increase the level of safety and quality of railway
transport, ensure the efficient operation and development
of railway transport.

A special role is given to the quality of operation of
turnouts. The search for ways to improve the performance
of their operation concerns the modernization or
replacement of the electric motor [3], the introduction of
new types of sensors and mechanisms for locking the
sharps [4].

In [5] the improvement of the dynamics of operation
and the expansion of the functionality of railway
automation were considered by means of adjustable
electric drive on the example of the switch SP-6m based
on a DC motor, because in Ukraine, unfortunately, drives
of this type are still used.

The development of railway transport, increasing the
mass of trains and increasing the speed of their movement
have led to the need to use drives with AC motors [6].
Induction three-phase AC motors have a number of
advantages over DC motors with serial excitation, namely
the absence of such a complex and unreliable unit as a
collector, which significantly reduces operating costs for
maintenance and repair. At present, AC electric motors of
the MCT type are used on the railway [7].

In [8] a mathematical model of the turnout SP-6m
was developed, which is quite widely used in Ukraine,
based on DC and AC motors.

Further modernization of domestic turnouts requires
replacement of existing drive designs, which are already
morally and technically obsolete. These systems have
shown their efficiency in many years of practice, but
today they can not meet the new requirements for high-
speed rail transport. Therefore, the need to modernize
switch systems is obvious and should be carried out by
means of electric drive [9-11].

Along with the improvement of existing electric
switches by replacing unreliable elements and electric
motors, global companies are working to create new types
[12]. Increasingly, turnouts are equipped with a modified
drive system with microcontroller control.

The Bombardier Transportation [13] EBI Switch
2000 electric drive is a non-detachable built-in sleeper
(Fig. 1) which is the best example of a sleeper drive
to date.

-

Fig. 1. General view of the EBI Switch 2000 turnout

A feature of EBI Switch 2000 is the presence in the
design of a programmable frequency converter. Its
application allows to carry out uniform start and braking
of the motor, to control current and to stop the motor in
case of impossibility of the fine-tuning of wits for a
certain time of transfer. Figure 2 shows a diagram of the
layout of the turnout EBI Switch 2000, where the
following designations are accepted: 1 — electric motor; 2
— frequency converter; 3 — reducer; 4 — shaft with screw-
nut transmission.

1 2
I

_Yargmibaae—ta-al Y
o o i

—

\ |
[ZAE)
Fig. 2. The layout of the EBI Switch 2000 turnout

Any component of the EBI Switch 2000 system can
be replaced in less than 15 minutes without removing the
sleeper. The electric drive of this type does not require
scheduled maintenance and repair. EBI Switch 2000 is
tested in operation for about 10° cycles without failures.
The average time to failure is 10-15 years.

Along with the development and implementation of
microprocessor devices and the creation of modern low-
maintenance equipment, creation of new types of switches
that should ensure maximum reliability and safety of both
normal and high-speed traffic and would reduce
installation and maintenance time and costs due to
abandonment of pre-assembly on an auxiliary platform is
an important task.

The goal of the work is the study of the behaviour
of the turnout operation of the mono-sleeper type to
ensure modern requirements for traffic safety and
improve operational reliability.

To achieve this goal the following tasks are
formulated:

¢ to develop a mathematical model of a mono-sleeper
switch with a switched-inductor motor and a ball-screw
pair as a promising element of the automation system for
express and high-speed electric railways;

e to develop a simulation model of a new switch
design, which is obtained by replacing the old type of
gearbox with a ball-screw pair, which allows to place the
entire design of the switch in the sleeper and reduces the
size and installation time;

e on the basis of the proportional-integral-differential
(PID) speed regulator synthesized in [14], as well as the
fuzzy regulator to investigate the dynamic processes in
the turnout of the mono-sleeper type to improve its
operation in both normal and transient modes.

Research material. For comparison, the electric
drive of the switch type SP-6m (Fig. 3) is chosen, the
kinematic scheme of which is given in [5], consisting of
an electric motor (EM), a reducer with a built-in clutch of
friction type and a gate located inside the housing.

Voltage is applied to the EM to switch turnout. Its
shaft begins to rotate through the coupling of the gear shaft
2 of the gearbox, located in the housing 1 of the manual
transmission (Fig. 4). The gear shaft with the gear 3 forms
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the first transmission stage. The rotation from the gear 3
through the intermediate gear 6 is transmitted to the gear 12
(the second stage). Through the friction located in the
housing 1, the rotation is transmitted to the third
transmission stage — the gear shaft 11 and the gear 5 of the
main shaft 10.

Fig. 3. External view of the SP-6m turnout

Fig. 4. Mechanical transmission of the SP-6m turnout

The sliding gear 8, which is made integral with the
main shaft, moves the slide 9 (the fourth transmission
stage). The gear 5 is freely mounted on the main shaft, the
protrusion of which after turning at an angle of 46° comes
into contact with the disk of the main shaft. Thus, the
idling of the drive is 46°. The gear 5 has a trapezoidal
protrusion to limit the rotation of the wheel. The presence
of a technological gap of 46° is necessary to facilitate the
acceleration of the motor and the supply of some kinetic
energy in order to disrupt the sharps at the beginning of
the transmission process.

Thus, the mechanical transmission allows to obtain
the required speed of rotation of the main shaft and the
torque of the required value and transmits the rotational
motion of the armature to the working rail (gate),
converting it into translational motion to transfer the
arrowheads. But its design is quite complex, which
reduces the overall reliability of the system.

To simplify the design of the turnout, the kinematic
link was replaced by a «screw-nut» transmission, which
converts the rotational movement of the screw into a
translational movement of the nut. This transmission
allows to significantly increase the transmission force
without increasing the power of the motor [15].
Transmissions of this type have additional losses of
friction, but this problem is solved by using a ball-screw
pair «screw-nut» (Fig. 5), which has better performance
and is used for more accurate movements of sharpeners
than conventional screw one.

Fig. 5. Ball-screw pair «screw-nut»

The advantages of this pair are that it operates with
low friction losses (due to rolling), high transmission
efficiency, because the torque from the screw to the nut is
transmitted through the balls in the nut. Rotation of the
screw causes the nut with the balls to move in a horizontal
plane. The nut is connected to the carriage, which in turn
moves the slide through a mortise device, which is spring-
loaded with a ball.

The modernization also consists in the fact that the
authors of the paper propose to replace the DC or AC
motor with a switched-inductor motor (SIM) [16, 17].
Because compared to an induction motor, the SIM has a
higher starting torque, and with a DC motor — it does not
require periodic maintenance and replacement of brushes
in the collector-brush assembly, because it is absent.
Thus, SIM has design and operational advantages that
allow to predict that such machines will help not only to
simplify the mechanical part of the drive and the control
system of sharps, but also to increase its reliability and
speed. In addition, they are the cheapest in production.

The functional diagram of SIM is shown in Fig. 6,
which includes three units: an electromechanical power
converter (EPF), an electronic switch (ES) and a control
unit (CU) as part of the control module (CM) and a rotor
position sensor (RPS) as part of the auxiliary equipment
unit that controls by moving the sharpshooters. The
control unit protects the motor from overloads (current,
temperature ones) and controls the electronic switch.

electromechanical
power converter

control module

= i Ebr\_/ ”
controller [—~{electronic g\ g ‘)uifé -
. !

|
|
|
I
]
! switch
]
]
]
]
|

rotor
posttion
sensor

Fig. 6. Functional diagram of the electric drive with SIM

The 4-phase SIM with geometry 8/6 was chosen as a
basis, its mathematical model is described by system of
differential equations:
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di
dr
+ AC(i gig,icsip,y)-uc + AD(i4,ig,ic,ip,y)-up +

+ KA(i 4 ig,icip,y) - @+ LAA(G 4,ip,icyip,y)-igRy +

+ LABi 4,ig,icyip,y)-igRg + LAC(i4,ig,icip,7)-icRe +
+LAD(i 4,ig.ic»ip,7) ipRp;

”i;—f:BA(iA,iB,iC,iD,y)uA +BBli4,ig,ic,ip,y) ug +
+BClig,igicsip,y)-uc +BD(i4,ip.icyip,7) up +
+KB(i 4,ip.icsip,y) @+ LBA(i gig.icyip.y) i R+
+LBB(i 4,ig.icyip,y) igRg + LBC(iy,ig,icip.y)-icRe +
+LBD(i 4,igic»ip,7) ipRp;

CZ_tC:CA(iA,iBJc,iDJ’)'“A +CBli.ig.icsip.y) up +

+CClignigicsipy)-uc+CD(iy,igicyip.y) up +

+ KCli grigyicsip,y) @+ LCA(i 4rig,icyip,7) iR+
+LCB(i 4,ig,icip,y) igRg + LCCli 4ig,ic,ip,y) icRe +
+LCDi 4ig,icip.7) ipRp;

a;li_tD:DA(iAaiB:iCaiDaV)'uA +DBi 4.ig.ic.ip.y)-up +

+DCligigicyip,y)-uc +DD(i4,ig,icip,y) up +
+KD(i4,ip,ic,ip,y) @+ LDA(i 4,ig,icsip,y) i Ry +
+LDB(i y,ip.icsip,y)-igRp + LDC(i gig.ic,ip,y)-icRc +
+LDD(i 4,ip.icyip.7)-ipRp;

Mem_FM iAaiBJCsiD)}/:

do
JE_Mem Mla

= AA(i g5igyicsip,y)-u + ABli4,ig,ic,ip,y) ug +

where iy, ip, ic, ip, y are the currents of phases 4, B, C, D
respectively and the rotor rotation angle; u, up, uc, up are
the phase voltages; 44, AB, AC, AD, BA, BB, BC, BD,
CA, CB, CC, CD, DA, DB, DC, DD are the phase voltage
coefficients; K4, KB, KC, KD are the coefficients of
angular speed of rotation; LAA, LAB, LAC, LAD, LBA,
LBB, LBC, LBD, LCA, LCB, LCC, LCD, LDA, LDB,
LDC, LDD are the phase current coefficients; Ry, R, Rc,
Rp are the active resistances of the corresponding phases
of the motor; FM is the motor torque coefficient;
J is the moment of inertia of the rotor; w is the angular
speed of the motor; M,,, M, are the electromagnetic
moment of the motor and the static moment of loading,
respectively.

All the considered coefficients are complex
functions that depend on the phase currents and the angle
of rotation of the motor rotor.

The use of a new type of electric motor in
combination with a ball-screw pair allows to place the
entire drive structure in a hollow sleeper, which reduces
losses in the gearbox, reduces the size of the switch and
simplifies the task of installation or replacement, as
well as increases reliability and reduces operating costs.
The design of such a turnout is shown in Fig. 7, where a
SIM (1) with an electromechanical power converter (2),
an electronic switch, which is part of the control
module (3) and a rotor position sensor, which is located
in the auxiliary equipment unit (4) are separated by a
dotted line.

8 7 13 14 1514 13 7 12 3 5

_ |
— e | L.

LLLL 2 \4

Fig. 7. Constructive scheme of turnout of mono-sleeper type

11 10 10

Depending on the signal of the rotor position sensor,
the electronic switch connects the motor phase to the
power supply via the cable (5). In this case, the
electromechanical power converter (2) converts electrical
energy into mechanical energy, driving the shaft of the
machine (6). The ball-screw pair «screw-nut» converts the
rotational movement of the screw (9) into the translational
motion of the nuts (10). The screw is mounted on the
support bearings (11) and connected to the motor shaft via
a coupling (12). Nuts through vertical rods (13), hinges
(14) and longitudinal rod (15) transmit forces to the
sharpeners (7), which carry out their movement between
the frame rail (8) [18].

To study the processes occurring in the mechanical
part of the turnout of the mono-sleeper type, a
mathematical simulation model (Fig. 8) was created
according to the constructive scheme (Fig. 7), taking into
account all the elements, parameters and connections
between them.

In contrast to [8], where the kinematic line of the
turnout was considered by two-mass and three-mass
systems, the mechanical part of the turnout of the mono-
sleeper type is considered as a single electromechanical
system, i.e. a single-mass one (Fig. 9). This can be
considered given that the force to the longitudinal thrust
from the nuts is transmitted through two vertical thrusts
(the force to the longitudinal thrust is applied at two
points), as well as neglect the gaps in the joints, because
they appear only in the process of their making.
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Fig. 8. Block diagram of the turnout of the mono-sleeper type
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Fig. 9. Block diagram of the mechanical transmission
of the turnout of the mono-sleeper type

Block diagram of Fig. 9 has a total reduced moment
of inertia to the electric motor Jx, which consists of the
moments of inertia of the SIM rotor, the transmission
«screw-nut» and the masses of the sharps. In the feedback
system there is a load unit V' = f{F)), which reflects the
characteristics of friction, because the switches operate in
different weather conditions under the influence of
random factors (fallen leaves, rain, snow, substances that
fall out of cars, etc.). The average values of the coefficient
of friction on the surface of the rail-cushion (steel-steel)
are given in Table 1.

Table 1
Coefficient of friction at rest and sliding
Coefficient of friction

Rubbing at rest at sliding
materials | without with without with

lubrication | lubrication | lubrication | lubrication

rail- 0,8 0,5-04 | 0,15-03 | 0,05-0,18

cushion

The control system of the turnout of the mono-
sleeper type is considered as a system of subordinate
control of coordinates with PID and fuzzy PID speed
regulators, which together with SIM is reduced to the
general simulation model in Fig. 10, and Fig. 11 shows a
diagram of the mechanical part.
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Fig. 10. Generalized SIM simulation model with control system

Mem

I~

SAT)
Fig. 11. Simulation model of the mechanical part of the turnout
of the mono-sleeper type

The operation of the turnout of the mono-sleeper
type was studied at a constant load, taking into account
the friction characteristic, which most negatively affects
the process of transfer of sharps. As a result of simulation
of the kinematic line of the turnout, oscillograms of the
distribution of traction force on the sharpeners F = f{f),
the speed of their transmission V' = f'(f) and displacement
S =f£(f), are obtained and shown in Fig. 12.
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Fig. 12. Transients in mechanical transmission of mono-sleeper

turnout

The obtained results show that in the kinematic line
of the turnout there are fluctuations of the traction force,
the amplitude of which in comparison with the traditional
turnout has decreased by 5.5-6 times [8]. Such oscillations
depend to a greater extent on the nature of the behaviour
of the electromagnetic torque.

Figures 13, 14 show the transients of the electric
drive operation, namely the electromagnetic torque and
speed with PID speed controller (Fig. 13) and with fuzzy
PID speed controller (Fig. 14) with additional constant
loadatt=0.6s.
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Fig. 13. Transients in turnout of mono-sleeper type with PID
speed regulator
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Fig. 14. Transients in the turnout of the mono-sleeper type with
fuzzy PID speed controller

From the obtained graphs of transients it is
established that the highest quality transient process
corresponds to the system with fuzzy PID speed controller
(Fig. 14), because the motor speed reaches a constant
level without overregulation in contrast to the use of PID
speed controller (Fig. 13). The main indicators of the
quality of regulators are given in Table 2.

Table 2
Main indicators of the quality of regulatory processes
o Fuzzy PID
Quality indicator PID regulator regulator
Overregulation oy, % 4,2 0
Adjustment time Z , s 0,27 0,17
Number of oscillations N 1 0

In addition, the proposed type of turnout works out a
given movement of sharps for up to 1 s, which is crucial
in terms of its use for high-speed rail transport.

Conclusions.

1. Using the developed mathematical model of mono-
sleeper turnout with a switched-inductor motor and a ball-
screw pair, a study of the dynamics of the movement of
sharps in the MATLAB environment was performed. The
results showed that the transition from the traditional
turnout to the mono-sleeper type is justified. Unlike
electric motors in use today, SIM has design advantages
to simplify the mechanical part of the drive, as well as the
control system of sharpeners. This has improved the
quality of the dynamics of the turnout, which ensures the
reliability and safety of both normal and high-speed rail
transport.

2. Structural ~ simplification of the kinematic
transmission is performed by eliminating the intermediate
gearbox in the existing EBI Switch 2000 turnout, which
reduces the time spent on installation and maintenance of
the switch, as well as makes the design more reliable.

3. The transition to a mono-sleeper turnout allows to
more effectively apply the microprocessor control system,
create promising means of electric motor protection and
ensure control of the position of the sharps.

4. The use of PID and fuzzy PID speed regulators in
the control system, taking into account the nonlinear
characteristic of friction, showed an improvement in the

dynamics of the turnout. In a system with a fuzzy PID
controller, not only the transmission speed has increased,
but there is also a better process of operation of a mono-
sleeper type turnout with SIM.
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B.I. Kuznetsov, T.B. Nikitina, I.V. Bovdui, V.V. Kolomiets, B.B. Kobylianskiy

OVERHEAD POWER LINES MAGNETIC FIELD REDUCING IN MULTI-STORY
BUILDING BY ACTIVE SHIELDING MEANS

Aim. Reducing of magnetic flux density of magnetic field in multi-storey building, generated by overhead power lines to the
sanitary standards level by active shielding means. The tasks of the work are the synthesis, Computer simulation and experimental
research of three-circuits system of active shielding, which includes three shielding coils. Methodology. When synthesizing the
system of active shielding of magnetic field, are determined their number, configuration, spatial arrangement and of shielding coils
as well as the shielding coils currents and resulting magnetic flux density value in the shielding space. The synthesis is based on
the multi-criteria game decision, in which the payoff vector is calculated on the basis on quasi-stationary approximation solutions
of the Maxwell equations. The game decision is based on the stochastic particles multiswarm optimization algorithms. Results.
Computer simulation and experimental research of three-circuit system of active shielding of magnetic field, generated by
overhead power lines with phase conductors triangle arrangements in multi-storey building are given. The possibility of initial
magnetic flux density level reducing in multi-storey building to the sanitary standards level is shown. Originality. For the first time
to reducing of magnetic flux density of magnetic field in multi-storey building the synthesis, Computer simulation and experimental
research of three-circuit system of active shielding of magnetic field generated by single-circuit overhead power line with phase
conductors triangular arrangements carried out. Practical value. Practical recommendations from the point of view of the
practical implementation on reasonable choice of the spatial arrangement of three shielding coils of three-circuit system of active
shielding of the magnetic field generated by single-circuit overhead power line with phase conductors triangular arrangements in
multi-storey building are given. References 41, figures 15.

Key words: overhead power lines with phase conductors triangle arrangements, magnetic field, system of active shielding,
computer simulation, experimental research.

Lenw. Cruswcenue ypoeHs uHOYKYUU MASHUTNHO20 NOJIA 8HYMPU MHO20IMANCHO20 00MA, 2eHEPUPYeMO20 OOHOYENHOU 8030VULHOU
JUHUEl 2NeKmponepedayu 00 YPOsHI CAHUMAPHBIX HOPM. 3adauamu pabomul AEIAIOMCS CUHMES, KOMNbIOMEPHOE MOOETUPOBAHUE
U IKCNepUMeHMalbHble UCCAeO08AHUA MPEXKOHMYPHOU CUCHEMbL AKMUBHO20 IKPAHUPOBAHUSL, COOepIHcawyeli mpu dKpaHupyowue
obmomku. Memoodonozua. Ilpu cummese cucmemvl OnpeoeieHbl — KOMUYECMBO, KOHGUeypayus, npOCMpaHCmMeeHHOe
PACRONONHCEHUE IKDAHUPYIOWUX OOMOMOK, d MAKdCe MOKU 8 IKDAHUPYIOWUX 0OMOMKAX U pe3yIbmupyiowue 3HaveHus UHOYKyuu
MASHUMHO20 MO 8 nNpocmpancmee IKpanuposanus. Cunmes mpexKkoOHMYPHOU CUCTeEMbL AKMUBHO20 SKPAHUPOBAHUSA OCHOBAH Hd
PeuleHUY MHO2OKPUMEPUATbHOU CIOXACMUYECKOU USpbl, 8 KONMOPOU BeKMOPHDBIL 6bIUSPbIUL BLIYUCTAENCA HA OCHOBAHUU PeuleHUll
ypaenenuti Makceenna 6 KEAUCMAYUOHAPHOM npubaudcenuu. Pewienue uepvl HAxoOumcsi Ha OCHOGe AN2OPUMMO8
CMOXACIMUYECKOU  MYJIbMUASEHMHOU — OnMuMu3ayuu  myavmupoem yacmuy. Pesynomamer.  [Ipusodsamces  pesyibmamol
KOMIBIOMEPHO20 MOOETUPOBAHUS U IKCNEPUMEHMANLHBIX UCCACO08AHUU MPEXKOHMYPHOU CUCTEMbl AKMUBHO20 IKPAHUPOBAHUS
MACHUMHO20 NOJA  BHYMPU MHOL0IMANCHO20 OOMd, 2EHEPUPYEMO20 6030VUWIHOU JuHuel snekmponepeoauu. Ilokasana
B03MONCHOCHb  CHUJICEHU YPOBHA UHOYKYUU UCXOOHO20 MASHUMHO20 NONS 6HYMPU MHO20IMANCHO20 00MA 00 YPOBHS
canumapuvlx Hopm. Opuzunansnocms. Bnepevie 013 cHudICeHUsl YPOBHA UHOYKYUU MASHUMHO20 NOJIS HYMPU MHO20IMANCHO2O
00Ma 00 YPOBHSL CAHUMAPHBIX HOPM, NPOBEOEHbl CUHNIE3, KOMNbIOMEPHOE MOOEAUPOBAHUE U IKCNEPUMEHMANbHBLE UCCLE00BAHUS
MPEXKOHMYPHOU CUCEMbl AKMUBHO20 SKPAHUPOBAHUS MASHUMHO20 NOJsl, 2eHEePUPYeMo20 OOHOUENHOU 6030YWIHOU JIUHUE
aneKmponepeoayu ¢ mpey2oibHbiM n008ecom nposodos. Ilpakmuueckan yennocms. Ipusooamces npaxmuyeckue peKomeHoayuu
no  00O0CHOBAHHOMY 6bIOOPY, C MOYKU 3PEHUs NPAKMUYECKOU pedru3ayuu, NpPOCMPAHCMEEHHO20 DPACHONIONCEHUS mpex
IKPAHUPYIOWUX OOMOMOK MPEXKOHMYPHOU CUCEMbl AKMUBHO20 IKDAHUPOBAHUS MASHUMHO20 NOJISL, ON 2EHEPUPYEMO20 GHYMPU
MHO209MANCHO20 00MA MASHUMHO20 NOJs OOHOKOHMYPHOU 6030YWHOU JTUHUU NEKMPonepeoauu ¢ mpeyeOibHbIM No08ecom
nposodos. bubi. 41, puc. 15.

Key words: Bo3aynIHble JIMHHH 3JIEKTPONEpeJadd ¢ TPeYroJbHbIM PacmojioxenueM (a3HLIX MPOBOAOB, MATHHTHOE MOJIe,
CHCTEMA AKTHBHOI'0 YKPAHHPOBAHNS, KOMIILIOTEPHOE MOJeIHPOBAHUE, JKCIIEPUMEHTAIbHOE HCCJIeI0BAHHE.

Introduction. Overhead power lines often run near
residential buildings. These lines generate a power
frequency magnetic field (MF) in residential buildings,
the level of which often exceeds sanitary standards [1, 2].
To normalize the level of the magnetic field, it is most
effective and economically feasible to use active
screening methods [3, 4]. In an active shielding system
(SAS), a compensating magnetic field is generated using
shielding coils [5-18].

The number, spatial arrangement of shielding
windings and their ampere turns are determined by the
type of power transmission line and currents in the
conductors of power transmission lines, as well as the
spatial location of the shielding zone and its size, as well
as the level of induction, which must be provided by
means of active shielding. The simplest system is the

single-circuit system, which contains only one — single
shielding coil. With the help of such a system, it is
possible to effectively screen a weakly polarized
magnetic field, in which the space-time characteristic
has the form of a highly elongated ellipse, which
approaches a straight line.

However, the greatest difficulty for active shielding
is a highly polarized magnetic field. The shape of the
space-time characteristic of such a magnetic field
approaches a circle. In particular, such a magnetic field is
generated by a single-circuit power line with a triangle-
shaped arrangement of wires. Active shielding of such a
magnetic field requires at least two shielding coils.

In Ukraine, in the zones of old buildings, there are
mainly five-storey residential buildings. In this case,
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single-circuit 110 kV power lines with wires in the
shape of a triangle pass most often near these residential
buildings.

Most of the research focuses on reducing the
magnetic field in one-story houses or even in a separate
room at home [5-19]. Therefore, an urgent task is to reduce
the magnetic field in the entire multi-storey building.

The aim of the work is reduce the level of magnetic
flux density of the magnetic field in multi-storey building
generated by single-circuit overhead power line by active
shielding means. The tasks of the work are the synthesis,
computer simulation and experimental research of three-
circuits system of active shielding.

Statement of the research problem. Let us
consider the synthesis of system of active shielding of a
magnetic field in a multi-story building. The magnetic
field in a multi-story building is generated by a single-
circuit overhead power transmission line with a spatial
arrangement of wires in the shape of a triangle. In Fig. 1
are shown the layout of an overhead transmission line, a
multi-story building, in which it is necessary to reduce
the level of the initial magnetic field to sanitary
standards of Ukraine.

Arrangement of active elements

Fig. 1. The location of 110 kV overhead power line,
three shielding coils and shielding space in multi-story building

Let us introducing the vector of unknown parameters
the components of which are the number and coordinates
of shielding coils as well as parameters of the regulator
[19-23] and vector of uncertainty parameters [24-28].
Then the calculate of vector of unknown parameters of
system of active shielding and of vector of uncertainty
parameters in the form of a solution of multi-criteria
game. The components vector payoff in this game is
levels of magnetic flux density at points of the shielding
space. These components are nonlinear functions of the
vectors of unknown parameters and uncertainty
parameters and are calculated on basis of Maxwell
equations quasi-stationary approximation solutions [3].
First player is vector of unknown parameters and its
strategy is minimization of vector payoff. Second player
is vector of uncertainty parameters and this strategy is
maximization of the same vector payoff [29].

Therefore, the solution of multi-criteria game is
calculated from the condition of minimum value of vector
payoff for the vector of unknown parameters but the
maximum value of vector payoff for the wvector
uncertainty parameters. This technique corresponds to the

standard worst-case robust systems synthesis approach
[27,28].

To find multi-criterion game solution from Pareto-
optimal set solutions taking into account binary
preference relations [29-32] used particle multiswarm
optimization algorithm [33-41], in which swarms number
equal number of vector payoff components.

Computer simulation results. Consider the result
of synthesis of SAS of MF with circular space-time
characteristic created by three-phase single-circuit
overhead power line 110 kV with phase conductors
triangular arrangements in a multi-story building, as it is
shown in Fig. 1. In order to reduce the level of magnetic
flux density of the initial magnetic field throughout the
entire multi-story building to the level of sanitary
standards of Ukraine, in this case, it is necessary to use
three shielding windings, as it is shown in Fig. 1.

In Fig. 2 are shown lines of equal level of module of
the resultant magnetic flux density with the system of
active shielding is on. As follows from this figure, the
level of magnetic flux density of the resulting magnetic
field in the entire space of a multi-storey building does
not exceed the level of 0.5 uT, which corresponds to the
sanitary standards of Ukraine. Note that in the center of
the multi-storey building under consideration, the level of
magnetic flux density of the resulting magnetic field does
not exceed 0.2 uT. Therefore, in this part of the space,
using an system of active shielding, the induction level of
magnetic flux density of the initial magnetic field can be
reduced by more than 20 times.

Field after optimization |B|, uT

Fig. 2. Isolines of the resultant magnetic flux density
with the system of active shielding is on

In Fig. 3 are shown the space-time characteristics of
the magnetic flux density vector of magnetic field
generated by: 1) overhead power line; 2) all three shielding
coils and 3) the resultant magnetic field with the system of
active shielding.

In Fig. 4 are shown the dependences of the of levels
of the magnetic flux density of the initial magnetic field
and the resultant magnetic field when the system of active
shielding is on as a function of the distance from the
extreme conductor of the power line. As can be seen from
this figure, the system of active shielding is reduced the
level of the magnetic flux density of the initial magnetic
field by more 10 times from 4.25 uT to 0.4 uT and
therefore the shielding factor is more 10.

24 ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 2



Field at point x=16 m, z=7 m

B,, uT

By, uT

Fig. 3. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with all three shielding coils and only all three

shielding coils

Field before (1) and after (2) optimization

Fig. 4. Comparison of magnetic flux density level between with
and without system of active shielding

Now let us consider the shielding efficiency of the
original magnetic field when only one single firs shielding
coil is used at optimal values of the regulator of this coil.

In Fig. 5 are shown the space-time characteristics of
the magnetic flux density vector of magnetic field
generated by: 1) overhead power line; 2) only one single
firs shielding coils and 3) the resultant magnetic field with
the only one single firs shielding coils.

In Fig. 6 are shown the dependences of the of levels
of the magnetic flux density of the initial magnetic field
and the resultant magnetic field when the only single first
shielding coil of system of active shielding is on as a
function of the distance from the extreme conductor of the
power line.

As can be seen from this figure, with only one single
first shielding coil of the active shielding system, the level of
magnetic flux density of the initial magnetic field is
increased in 1.19 times in the considered space from 4.25 pT
to the level of 5 uT due to overcompensation.

Now let us consider the shielding efficiency of the
original magnetic field when only one single second
shielding coil is used at optimal values of the regulator of
this coil. In Fig. 7 are shown the space-time characteristics
of the magnetic flux density vector of magnetic field

generated by: 1) overhead power line; 2) only one single
second shielding coils and 3) the resultant magnetic field
with the only one single second shielding coils.

Field at point x=16 m, z=7 m

B, uT

Fig. 5. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single first shielding coil

Fig. 6. Comparison of magnetic flux density between with and
without system of active shielding with only single first

shielding coil
Field at point x=16 m, z=7 m
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Fig. 7. Comparison between space-time characteristics
of magnetic flux density without and with system of active
shielding with only single second shielding coil and only single
second shielding coil
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In Fig. 8 are shown the dependences of the of levels
of the magnetic flux density of the initial magnetic field
and the resultant magnetic field when the only single
second shielding coil of system of active shielding is on
as a function of the distance from the extreme conductor
of the power line. As can be seen from this figure, with
only one single second shielding coil of the active
shielding system, the level of magnetic flux density of the
initial magnetic field is increased in 1.28 times in the
considered space from 4.25 puT to the level of 5.4 uT due
to overcompensation.

Field before (1) and after (2) optimization

5.5

5

4.5

4

3.5

B, uT

3

Fig. 8. Comparison of magnetic flux density between with and
without system of active shielding with only single second
shielding coil

Now let us consider the shielding efficiency of the
original magnetic field when only one single third shielding
coil is used at optimal values of the regulator of this coil.
In Fig. 9 are shown the space-time characteristics of the
magnetic flux density vector of magnetic field generated by:
1) overhead power line; 2) only one single third shielding
coils and 3) the resultant magnetic field with the only one
single third shielding coils.

Field at point x=16 m, z=7 m

Fig. 9. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single third shielding coil and only single
third shielding coil

In Fig. 10 are shown the dependences of the of

levels of the magnetic flux density of the initial magnetic

field and the resultant magnetic field when the only single
third shielding coil of system of active shielding is on as a
function of the distance from the extreme conductor of the
power line.

Field before (1) and after (2) optimization

Fig. 10. Comparison of magnetic flux density between with and
without system of active shielding with only single third
shielding coil

As can be seen from this figure, with only one third of
the winding of the active shielding system, the level of the
magnetic flux density of the initial magnetic field is
reduced in 1.35 times in the considered space from 4.25 pT
to the level of 3.25 puT.

Now let us consider the shielding efficiency of the
original magnetic field when only both first and second
shielding coils are used at optimal values of the regulator of
these coils. In Fig. 11 are shown the space-time characteristics
of the magnetic flux density vector of magnetic field
generated by: 1) overhead power line; 2) only both first and
second shielding coils and 3) the resultant magnetic field
with the only both first and second shielding coils.

Field at point x=16 m, z=7 m

B,, uT

Fig. 11. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only both first and second shielding coils and
only both first and second shielding coils

In Fig. 12 are shown the dependences of the of
levels of the magnetic flux density of the initial magnetic
field and the resultant magnetic field when the only both
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first and second shielding coils of system of active
shielding are on as a function of the distance from the
extreme conductor of the power line.

Field before (1) and after (2) optimization
4.5

4

Fig. 12. Comparison of magnetic flux density between with and
without system of active shielding with only both first and
second shielding coils

As can be seen from this figure, with only both first
and second shielding coils of the active shielding system,
the level of magnetic flux density of the initial magnetic
field is reduced in 1.35 times in the considered space from
4.25 uT to the level of 3.25 uT.

Experimental research. For experimental research,
a laboratory model of a three-coil system of active
shielding of a magnetic field generated by an air power
line in a multi-storey building has been developed.

In Fig. 13 is shown a general view of the layout of
the synthesized laboratory model of a three-coil system of
active shielding.

of system of active shielding laboratory model

To adjust the model of the system of active
shielding, the space-time characteristic of the magnetic
field was experimentally measured using two measuring
windings and oscilloscope [31, 32].

As an example, in Fig. 14 are shown oscillograms of
the output signals of the sensors (a) and experimentally
measured space-time characteristics (b) of the output
magnetic field.

In Fig. 15 are shown comparison of magnetic flux
density between measurements (solid lines) and
simulations (indicated by +) with and without system of
active shielding.

Fig. 14. Oscillograms of the output signals of the both sensors
(a) and experimentally measured space-time characteristics (b)
of the magnetic field

Field before (1) and after (2) optimization

1Bl uT

0.5 & + IR S ... 2 .'. ! T SRR S §
Field after |
0 i : : i i
a7 37 47
X, m

Fig. 15. Comparison of magnetic flux density between
measurements (solid lines) and simulations (+) with and without
system of active shielding

Note that from a comparison of the spatio-temporal
characteristics shown in Fig. 9 and Fig. 11 follows that the
space-time characteristic of the resulting magnetic field
remaining after the operation of the only first and second
shielding coil is a highly elongated ellipse. The major axis
elongated ellipse spatio-temporal characteristics practically
coincides with the space-time characteristics of the
magnetic field generated by only one third shielding coil.

As a result, with the help of the third shielding coil,
the major axis of the space-time characteristic of the
resulting magnetic field, which remains after the
operation of the only first and second shielding coils,
is compensated effectively. Due to such compensation,
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a sufficiently high shielding factor of 10.75 is provided in
the system with the simultaneous operation of all three
shielding coils.

As can be seen from Fig. 15 the experimental value
of the induction level does not exceed 0.5 uT. The
deviation of the experimental value of the induction level
from the calculated one is due, firstly, to the deviation of
the geometric dimensions of the shielding windings from
their calculated values, and, secondly, to the inaccuracy of
adjusting the parameters of the regulators.

Conclusions.

1. For the first time, to reduce the initial magnetic field
in multi-storey building generated by a high-voltage
power line by active shielding means, the three-circuits
system of active shielding which contains three shielding
coils was designed.

2.As a result of computer simulation of the
synthesized system, it is shown that with the help of the
synthesized system, the level of magnetic flux density of
the magnetic field in a multi-storey building generated by
a high-voltage power line is reduced by more than 10
times. At the same time, the level of magnetic flux density
of the resulting magnetic field in multi-storey building
does not exceed the sanitary standards of Ukraine.

3.To set up a laboratory model of a three-circuit
system of active shielding, a computer simulation of the
effectiveness of shielding the initial magnetic field in a
multi-storey building using separate windings was carried
out. It is shown, that when only one coil is in operation,
the level of the magnetic flux density increases by a factor
of 1.2-1.5 due to overcompensation. When only two
windings work, it is not possible to ensure the sanitary
standards of Ukraine in terms of the magnetic flux density
level in the multi-storey building.

4. As the results of experimental studies of a laboratory
model of a three-circuit system of active shielding of a
magnetic field in a multi-storey building generated by a
high-voltage power line are presented, it has been
established that the shielding factor is more than 4 units.
The deviation of the experimental value of the level of
magnetic flux density from the calculated one is due,
firstly, to the deviation of the geometric dimensions of the
shielding windings from their calculated values, and,
secondly, to the inaccuracy of adjusting the parameters of
the regulators.
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THE EFFICIENCY OF THE ACTIVE CONTROLLED RECTIFIER OPERATION
IN THE MAINS VOLTAGE DISTORTION MODE

Goal. Checking the efficiency of the active rectifier with differences types of control systems in conditions of deep voltage distortions
of a three-phase three-wire supply network. Methodology. The authors have used the Matlab/Simulink sofiware environment to
create a model of an active rectifier with various types of control systems as part of a frequency electric drive. We performed a series
of simulations of the operating modes of an active rectifier with various control systems when the supply voltage is distorted. Results.
When the active rectifier is operating in an unregulated mode, the distortions of the current and mains voltage exceed the maximum
permissible values. The quality indicators of the mains current and mains voltage are significantly higher than the normally
permissible values. In the absence of voltage distortions in the supply network, the operation of the active rectifier can effectively
eliminate the distortions of the mains current, regardless of the type of control system of the active rectifier. In conditions of deep
distortions of the supply network voltage, the operation of an active rectifier with a vector control system is more efficient than with a
parametric control system. Originality. Criteria for determining the quality of consumed electricity at the connection point of the
circuit are proposed. Practical significance. Recommendations have been developed for the use of active rectifier control systems
when working with a distorted power supply voltage. References 8, tables 4, figures 11.

Key words: active rectifier, vector control system, parametric control system, PWM frequency, mains voltage distortion,
mains current distortion, total harmonic distortion.

Posensanymo pobomy axmuenozo Kepoganozo eunpaAMmasua-odxcepeia Hanpyeu (ABIH) 3 napamempuunoro ma 6eKmoOpHOW
cucmemamu YnpasninHs, KL npayionoms 3 (QIKCO8AHOI YACMOMOI0 MOOYIAYll 6 cKkaadi erekmponpueody nomydcHicmio 315 kBm
napaneivbHo 3 ITHWUMU HABAHMAICEHHAMU 6 YMOB8AX CNOMBOPEHHA HANpyeUu Odxcependa dHcueleHHsa. Buxonawo mamemamuure
mooentosanns ABJIH 3 pisnumu cucmemamu ynpasninus. 3anponoHo6ano Kpumepii 6USHAYEHHS SIKOCME CHOJNCUBAHOL eneKkmpoeHepeii
6 mouyi niokaouenHs cxemu. Pospobneno pexomenoayii wooo euxopucmauHa cucmem ynpaeninna ABIAH npu pobomi 3i
CROMEOPeH0I0 Hanpy20i0 dxcepena Jicusients. bion. 8, Tadun. 4, puc. 11.

Kniouogi cnosa: akTUBHUN BUIPSAMJIAY, BEKTOPHA CHCTeMa YNPABIiHHS, MapaMeTPUYHA CHCTeMa YNPABJiHHA, 4acTOTa
IIIIM, cioTBOpEHHS HANIPYT'H MepexkKi, CIOTBOPEHHs CTPYMY Mepe:xki, cyMapHuii koedilieHT rapMoHiiiHHX CIOTBOPEHb.

Paccmompena paboma axmueHo20 ynpaeniemMo2o GblNpAMUMENi-UCMOYHUKA Hanpsicenus (ABHH) ¢ napamempuueckoi u
8EKMOPHOU CUCeMAaMU  YNpAeleHus, padomarowux ¢ @QUKCUPOBAHHOU HACMOMOU MOOYIAYUU 6 cocmage NeKmponpusood
mowHocmoto 315 kBm napannenvhHo ¢ OpyeuMu HASPY3KAMU 6 YCA0BUAX UCKANCEHHO20 HANPANCEHUS. UCTNOYHUKA NUMAHUS.
Buinonneno mamemamuueckoe modenuposanue ABUH ¢ pasmuunmvimu cucmemamu ynpasienus. Ilpednoswcenvt kpumepuu
onpeodenieHus Kauyecmea ROMPeONAeMOil SNIeKMPOIHEPSUU 8 MOUuKe NOOKIIUeHUsi cxemvl. Paspabomanwl pexomenoayuu no
ucnonvzosanuio cucmem ynpaeienus ABUH npu pabome ¢ uckaxcénHvlm HanpsidiceHuem ucmounuxka numanus. buon. 8, tadn. 4,
puc. 11.

Kniouesvie crosa: akTHBHBII BBINPSIMHTETb, BEKTOPHASI CHCTEMa YNpPaBJeHHs, MapaMeTpHyecKas CHCTeMa yNpaBJeHHsI,
yacrora IIIMM, uckaskeHMS] HANPSKEHUS] CeTH, MCKAKEHHS] CETEBOI0 TOKA, CYMMAaPHBI K03((QHUIUHEHT rapMOHHYECKHX
HCKAKEeHUH.

Introduction. Voltage-sources active rectifiers
(VSARs) are increasingly used in the input circuits of
medium-power industrial drives based on autonomous
voltage inverters, providing a two-way exchange of
energy between the motor and the mains with an almost
sinusoidal current at the input of the circuit with a zero
phase shift relative to the phase voltage [1-3]. The
efficiency of the VSAR circuit is ensured, first of all, by
the correct choice of the structure of its control system
[4, 5]. In [6], the authors analyzed the efficiency of the
basic circuits of control systems (CS) of the VSAR when
they implement the main functions assigned to the power
circuit of the converter, and also proposed a new structure
of the CS based on the theory of representing
instantaneous currents and voltages of a three-phase
network in the form of generalized vectors in p-g-r
coordinates. The complication of the CS of the VSAR is
justified when using the converter in an industrial
workshop, where several loads can be powered from a
common source, which mutually influence each other, i.e.
in conditions where long-term distortion is possible in the
supply voltage.

The goal of the work is to test the efficiency of the
VSAR operation with various types of control systems in
conditions of deep voltage distortions of a three-phase
three-wire mains supply.

The structure of the drive power supply circuit.
The block diagram of the investigated frequency electric
drive of medium power using a three-phase voltage-
sources active rectifiers is shown in Fig. 1.

It contains: a source of three-phase AC voltage ug;
converter transformer T; input reactors of the VSAR,
which, if necessary, can be combined with a high pass
filter HPF; an active rectifier AR, made in bridge circuit
on alternating current switches; two capacitors C, and C,
of the same capacitance connected in the intermediate DC
circuit; a three-phase bridge autonomous voltage inverter
VI, also made according to a bridge circuit on alternating
current keys and loaded on a three-phase induction
machine (load) L. The converter transformer T, in the
general case, can also supply other loads OL connected to
the terminals of its valve windings in parallel to the circuit
under study.
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Fig. 1. Block diagram of a frequency electric drive
with VSAR

In practice, this circuit should also contain switching
and protective devices, as well as the output filter of the
voltage inverter. They are not shown in Fig. 1, since they
do not have a significant effect on the operation of the
VSAR and are not the subject of this paper.

For the correct perception of the results obtained in
the framework of studies consistently carried out by the
authors, the parameters of the main elements of the
system under consideration were taken the same as in [6].

The prototype of the load was an ABB induction
motor type M3BP 355 SMC4, whose passport data are
given in Table 1.

Table 1
Load parameters
Parameter Value
Stator line voltage, V 400
Rated frequency, Hz 50
Rated power, kW 315
Rated stator current, A 553

Since the study of the dynamics of the operation of
an induction electric drive is not the purpose of this paper,
and most VSAR control systems easily cope with the task
of recuperation, the load model is represented by an
equivalent RL circuit that provides the same power at the
load.

The CS of the VI is built on the principle of
sinusoidal pulse-width modulation with a frequency and
depth of regulation fixed at 4 kHz, set by a closed-loop
automatic control system with feedback on the input
power of the inverter, maintained in any mode at the level
of the rated active power of the motor, i.e. 315 kW. The
frequency of operation of the VSAR switch in all modes
is also adopted equal to 4 kHz.

The total capacitance of the DC link is selected
equal to 28 mF from the condition of ensuring the
required level of ripple of the rectified voltage, both in
uncontrolled and in the active mode of AR operation. The
value of the input inductance of the VSAr phase is taken
equal to 150 puH, which, in combination with the present
inductance of the supply mains, ensures stable operation
of the circuit in all modes.

The short-circuit power of the supply mains at the
connection point of the converter is 150 MVA.

The converter transformer with installed power of 1
MVA ensures the conversion of the line voltage of the
supply mains at the level of 6 kV into line voltage 0.4 kV
with the possibility of parallel connection of two more
similar converters or another load of the corresponding
power.

Quality assessment criteria. When assessing the
quality of consumed electricity and the level of influence

of the converter on the supply mains, it is necessary to set
the main criteria by which we will assess the degree of
success in the application of a particular technical
solution.

According to [7, 8], it is possible to accurately
determine the degree of mutual influence of the converter
and the supply mains by calculating the total harmonic
distortion THD of the voltage and current of the supply
mains, as well as the voltage unbalance factor for the
reverse and zero sequence at the converter connection
point to the mains.

The total harmonic distortion is defined [7, 8] as the
ratio of the root-mean-square sum of the higher harmonics
of the signal to its first harmonic and is usually taken as a
percentage. For phase current and mains voltage, it is
defined as
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where [, and U, are the effective values of the k-th
harmonic of the phase current and voltage at the point
where the converter is connected to the network; /; and U,
are the effective values of the Ist harmonic of the phase
current and voltage at the connection point.

The voltage unbalance factor in the reverse sequence
can be determined from the expression [7]
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where U,y and U, are the effective voltage values,
respectively, of the positive and negative sequence of the

fundamental frequency of the three-phase voltage system,
which can be defined as [7]
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where Uypy, Usca) Ucaqy are the effective values of the
first harmonics of the line voltages of the supply mains at
the converter connection point.

Zero-sequence voltage unbalance factor [7] in the
circuit of Fig. 1 is not determined due to the absence of a
neutral wire in it.

ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 2 31



The structure of the VSAR control system. In [6],
the authors showed that among the tracking structures of
the CS of the VSAR with a fixed modulation frequencyi, it
is advisable to use the voltage-controlled circuit shown in
Fig. 2.

X

T *
Ug

Fig. 2. Block diagram of the CS with voltage control

PWM

Its principle of operation is based on the generation
of the reference signal of the PWM generator in the form
of a voltage difference proportional to the voltage of the
mains phase, and a voltage drop across the converter input
choke. This allows to eliminate the uncertainty in setting
the phase of the current of the supply mains, which arises
when fixing the modulation frequency of the circuit, and
to maintain its zero value in all operating modes of the
circuit [6]. The disadvantage of the structure shown in
Fig. 2 is the dependence of the reference signal of the
PWM generator on the shape and phase of the supply
voltage. This is unacceptable in the mode of deep
distortion of the mains voltage and can lead to a
significant decrease in the efficiency of VSAR operation.

To combat this, in [6], a structure was proposed that
forms a signal for setting the PWM generator which is

obtained as a result of representing the mains voltage and
current in the form of spatial vectors in a rotating p-g-r
coordinate  system and  extracting  components
proportional to direct sequences of a three-phase system
from their projections. This made it possible to create the
structure of the VSAR control system, shown in Fig. 3,
insensitive to distortion of the power supply voltage.

Coordinate
converter

Fig. 3. Block diagram of the CS with vector control

Modelling the operation of the circuit. Modelling
the operation of an active rectifier with two structures of
control systems is carried out in the Matlab/Simulink
software package in relation to a single power circuit
corresponding to Fig. 1. The view of the Matlab model of
the power circuit of the converter is shown in Fig. 4.
It contains the following blocks:

e power circuit — blocks 1, 2, 5, 6, 10-12, 15, 16, 19;

o control systems — blocks 4, 13, 17,

e current and voltage sensors — blocks 3, 7-9, 14;

e parameter calculators — blocks 25, 27, 29;
information output — blocks 20-24, 26, 28, 30.
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Fig. 4. Matlab model of VSAR power circuit

Purpose of the main blocks of the power circuit:
1 — three-phase AC voltage network; 2 — power
transformer; 5 — input reactors of the VSAR; 6 — VSAR
bridge; 10, 11 — capacitances of the DC link; 12 — VI
bridge; 15 — load; 16 — additional load; 19 — high pass
filter.

The parameters of the power circuits of the model
are set in strict accordance with the data of the power
circuit of the electric drive (Fig. 1), given above. An
additional load of the circuit (16) is a six-pulse bridge
controlled rectifier with installed power of 300 kW,
operating with control angle of 60 electrical degrees. It

introduces switching distortions into the voltage of the
valve winding of the converter transformer. The high pass
filter (19) is designed to combat distortions in the supply
voltage at the frequency of VSAR operation. It can be
connected to the circuit through the switch (18) at the
time specified by block 17. Parameter calculation blocks
(25,27, 29) allow calculating the voltage unbalance factor
in negative sequence, harmonic distortions of current and
voltage of each phase of the valve winding of the
converter transformer and display this data as a
percentage (blocks 26, 28, 30). Blocks 23 and 24 display
the effective values of the current and voltage of each

32
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phase of the valve winding of the transformer to assess
their possible unbalance. Oscilloscope blocks (20-22)
allow to visually evaluate the instantaneous values of the
circuit parameters.

Simulation is carried out for three variants of VSAR
control systems operation (block 4): unregulated mode —
transistor control pulses are not generated and VSAR
operates in the mode of a diode rectifier; mode of
operation with a parametric CS according to the structure
of Fig. 2; mode of operation with a vector CS according
to the structure of Fig. 3.

The following were taken as long-term distorting
factors: switching distortions introduced by an additional
load during its parallel operation with the main converter;
decrease in the supply voltage of phase B by 10 % of the
nominal value; phase C voltage shift by 130 electrical
degrees with respect to phase B voltage. All
measurements are taken with the high pass filter on.

Figure 5 shows the timing diagrams of the mains
voltage and current for an unregulated operating mode
(VSAR operates as a diode rectifier) in the absence of
additional distortions introduced into the mains voltage as
a result of external factors. It can be seen from the
diagrams that the shape of the mains current differs
significantly from the sinusoid, and its total harmonic
distortion (THD;) is several times higher than the
maximum acceptable values, which is confirmed by the
data, given in Table 2.
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Fig. 5. Mains voltage and current in unregulated mode without
distortion of mains parameters

Table 2
Mains parameters for three options of VSAR control systems
operation in the absence of external network distortions

Circuit Diode rectifier | Parametric VSAR Vector VSAR

type CS CS
I S A Bl c|Aa|lB|lCc|A]B]|C
L 499,81499,0(499,9| 468 |468,1|468,3(467,7|467,8|468,2
U, 228,2(228,2|228,2(229,4(229,4|229,4|229,4(229,4(229.,4
THD, 25,23125,37|25,36| 2,88 | 2,86 | 2,88 | 2,88 | 2,85 | 2,86
THDy, 2,99 (2,99 2,99 | 444 | 4,43 (4,44 | 4,43 | 4,42 | 4,43
Kys 0,002 0,0007 0,0007

Table 2 also shows that, regardless of the type of the
CS, the VSAR allows to effectively eliminate the
unwanted generation of higher harmonics of the current
into the network and obtain the normally permissible
values of THD; and THDy,.

Analyzing the data from the Table 2, we can talk
about the same efficiency of the parametric and vector

control systems of the VSAR in the symmetric
undistorted network mode. Timing diagrams of the mains
voltage and current for this case, shown in Fig. 6 are
identical for both types of the CS.
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Fig. 6. Mains voltage and current with VSAR in the mode of
symmetrical undistorted power supply

The introduction of symmetrical switching
distortions from an additional load operating in parallel
with the main converter significantly aggravates the
picture of the circuit's operation in an unregulated mode
and, according to Table 3 provide minor advantages to the
vector control system. Timing diagrams of the operation
of the circuit in an unregulated mode are shown in Fig. 7.
Figure 8 shows diagrams illustrating the operation of the
VSAR in the symmetric distortion mode, characteristic of
both control systems.

Table 3
Mains parameters for three options of VSAR control system
operation in conditions of external symmetric distortions

Circuit Diode rectifier Parametric VSAR Vector VSAR
type CS CS
Nt A B c|A|lB|lC|A|B]|C
arameter
L 548,0(547,8|549,1(496,9(496,3 |496,0(496,6 (495,7(496,0
U, 215,3(215,3(215,3(217,6(217,6(217,6(217,7(217,7(217,7
THD, 29,75(30,33 (30,13 | 4,95 | 4,99 | 5,04 | 4,75 | 4,79 | 4,73
THDy, 7,45 | 7,43 | 7,46 | 9,36 | 9,39 | 9,42 | 9,44 | 9,47 | 9,45
Kys 0,004 0,0006 0,0005
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Fig. 7. Mains voltage and current in unregulated mode
in conditions of external symmetrical distortions

Let us evaluate the quality of operation of the
control systems wunder consideration, introducing
additional asymmetry into the supply voltage.

Figures 9-11 show timing diagrams of the mains
voltage and current for three operating modes of the
VSAR CS under conditions of external asymmetric
distortions of the power supply.
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in deep unbalanced distortion conditions
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Fig. 11. Mains voltage and current with vector VSAR CS
in deep unbalanced distortion conditions

Table 4 shows the indicators for assessing the
quality of the mains with deep asymmetric distortions of
the power supply voltage for three operating modes of the
VSAR CS.

Analysis of the data obtained shows that with deep
distortion of the mains parameters and VSAR operation in
uncontrolled mode, the mains current and voltage differ
significantly from the sinusoid, there is an asymmetry of
currents and voltages in phases, THD; and THDy

indicators are exceeded. When VSAR operates under such
conditions, the vector CS is already significantly more
efficient than the parametric one — it balances the currents
consumed from the network much better.

Table 4
Mains parameters for three options of VSAR control system
operation in conditions of deep network distortions

Circuit Without VSAR Parametric CS Vector CS

type
A | B c|Aa|lB|lCc|A]|B]|C
L 775,61579,41516,6|611,6(517,1(576,9|580,6|559,6(572,5
Ux 198,41168,41193,7|200,6|170,6194,2|200,9(170,8| 194
THD; 17,08139,34| 30,8 | 3,5 [ 3,14 | 3,48 | 3,4 |295]|3,47
THDy 4,15 16,54 | 721 | 6,31 | 6,66 | 8,18 | 6,39 | 6,69 | 8,31
Kys 9,85 9,5 9,51

The THD; and THDy values during operation of the
two types of CS are practically the same and comply with
the standards [8]. None of the considered CS can improve
the symmetry of the supply voltages.

Conclusions.

1.In the conditions of symmetric distortions of the
supply voltage, the VSAR vector control system proposed
by the authors has a slight advantage over the parametric
one.

2. In the presence of unbalance in the voltage of the
power source, VSAR with a vector control system
consumes a current from the mains, the deviation of the
effective value from the nominal value of which does not
exceed 2 % in each phase. The deviation of the effective
value of the phase current from the nominal in the
parametric system reaches 10 % both up and down. That
is, in the mode of deep voltage distortion of the supply
mains, VSAR with a vector control system balances the
current consumed from a three-phase network much
better than with a parametric one.

3. VSAR has shown high efficiency in all modes of
operation, demonstrating the values permissible by the
standards for the total harmonic distortion of the current
and voltage of the mains at the connection point. The
studies carried out allow to say that the use of vector
control systems, according to the authors, is the most
promising, and their further research and optimization is
an urgent task.
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MANAGEMENT OF POWER CONSUMPTION IN A PHOTOVOLTAIC SYSTEM WITH
A STORAGE BATTERY CONNECTED TO THE NETWORK WITH MULTI-ZONE
ELECTRICITY PRICING TO SUPPLY THE LOCAL FACILITY OWN NEEDS

Purpose. Improving the principles of management of photovoltaic system with storage battery and with autonomous functioning
during daylight hours for a local object, connected to the grid with multi-zone payment when excluding the generation of energy into
the grid. Methodology. Modeling and analysis of energy processes in the photovoltaic system was performed using the Matlab
software package. The simulation model of energy processes is based on calculated expressions taking into account the
characteristics of the battery. Operability of the proposed solutions are confirmed on an experimental setup based on a standard
hybrid inverter. Results. It’s shown, that due to the battery energy during the most loaded peak hours and part of the daytime the
system operates autonomously and does not depend on possible violations of the quality of electricity in the grid. Scenarios of the
recommended load schedule are proposed in accordance with the ratio of the predicted value of the daily energy generation of the
photovoltaic battery to its possible maximum value. A simulation model of energy processes in the system with the correction of the
recommended load value was developed. Originality. A method of the recommended load calculation with current correction for the
actual generation and degree of battery charge is proposed, which allows taking into account differences the actual generation of the
photovoltaic battery from its predicted value and the actual load from the recommended one. Practical value. The obtained solutions
are the basis for the design of new and modernization of existing photovoltaic systems of local objects using software and hardware
complexes for power consumption management. References 18, figures 4.

Key words: multi-zone electricity pricing, energy redistribution, storage battery state of charge, PWM, recommended load
scenarios with current correction, simulation.

Yoockonaneno npunyunu ynpasninus i nepepo3nooiny enepeii, ska HaKonu4yemvcs 8 aKymyIamopHin bamapei, 6 pomoenekmpuyni
cucmemi 10KAIbHO20 00 '€Kma, NIOKIIOYEHO20 00 Mepedici 3 6a2amo30HHO MAPUPIKayiclo npu GUKTIOYEeHHI 2eHepayii enepeii 6
Mepedicy. 3a paxyHok enepeii bamapei 8 HaUbINbW HABAHMANCEH] NIKOBI 200UHU MA YACMKOBO 8 OCHHUL 4dcC cucmema Npayioe
AGMOHOMHO [ He 3anedcums 6i0 MOJICIUBUX CHOMEOPEHb AKOCMI elekmpoenepeii 6 mepedci. 3anpononosano cyenapii
DEKOMEHO08AH020 2padika HABAHMAdCEHHA BION0IOHO 00 GIOHOWIEHHS NPOSHO308AHO20 3HAYEHHA OeHHOi 2ceHepayii eHepeii
Gomoenexmpuunoi bamapei 00 it MONCIUBO20 MAKCUMANLHOLO 3HAUEHHSA. 3aNPONOHOBAHO MEMOOUKY PO3PAXYHKY PEKOMEHO08AHO20
HABAHMAICEHHS 3 NOMOYHUM KOPe2YBAHHAM 3d (PakmuuHolo 2enepayicio i cmynenem 3apsaody bamapei, wjo 0036015€ 8paxysamu
8iOXUNEeHHs. (hakmuyHoi 2enepayii gomoenexmpuunoi b6amapei 6i0 NPOSHO3HO20 3HAUEHHS 1 (DAKMUYHOLO HABAHMAJICEHHS 610
pexomendosanozo. Po3pobneno imimayitiny modens enepeemuyHux npoyecie 8 CUCeMi 3 KOpe2y8aHHAM 3HAYEHHS PeKOMEHO0BAHO20
naseanmaxcenns. Ipayes3oamuicms 3anpononoeanux piuiensv niomeepoxceno mooemosanuam 6 Matlab i na excnepumenmanvhii
yemanosyi Ha 6a3i CMandapmuo2o 2iopuoHo2o iHeepmopa. Ompumani piuleHHs. € OCHO80I0 OISl NPOEKMYBAHHS HOGUX | MOOEpHIZayil
iCHYIOUUX  (DOMOENEKMPUYHUX CUCIEM JIOKATbHUX 00'€Kmi6 3 BUKOPUCAHHAM NPOSPAMHO-MEXHIYHUX KOMNAEKCI6 YNPABIIHHA
enekmpocnodcusannsm. bion. 18, puc. 4.

Knwouosi  cnosa: 0araTo3oHHUE Tapu¢, mepepo3noaisl eHeprii, CcTymiHb
PeKOMEeH/I0BAHOI0 HABAHTAKEHHS 3 MOTOYHMM KOPeryBaHHSM, MO/Je/II0BAHHS.

3apsagy akymyasatopa, LIIM, cuenapii

Ycosepwencmeosanvt npunyunsl ynpasnenus u nepepacnpeoenenus dHepeuu, HAKANIUBAEMOU 6 AKKYMYIAMOPHOU bamapee, 6
gomoanexmpuueckoli cucmeme N0KATbHO20 00beKMA, NOOKIIOUEHHO20 K Cemu ¢ MHO2030HHOU mapuguxayueli npu UCKIIOYeHUU
2eHepayuy SHepeuu 6 cemv. 3a cuem sHepeuu bamapeu 6 Haubonee HAZPYIHCeHHble NUKOBbIE YACl U YACMUYHO 6 OHEGHOe 8DeMs.
cucmema pabomaem asMOHOMHO U He 3AGUCUN OM BOZMOICHBIX HAPYWIEHUL Kayecmea djieKmpodnepeuu 6 cemu. IIpednosiceno
CyeHapuu peKOMeHOOBAHHO20 2paPUKA HA2PY3KU 8 COOMBEMCMBUU C OMHOWEHUEM NPOSHOZUPYEMO20 3HAYEHUS OHE6HOU 2eHepayuU
9Hepeuu omoanekmpuieckoli bamapeu K ee 603MONCHOMY MAKCUMATbHOMY 3Hauenuto. Ilpednoscena memoouxa pacuema
DEKOMEHOOBAHHOU HAZPY3KU € MeKyujell KOPPeKMuUpo8Kol No hakxmuieckol cenepayuu u cmenenu 3apsaoa bamapeu, 4mo no3eoaem
yuecms omauyus PaKkmuyecKou ceHepayu (homod1eKmpudecKko 6amapeu on nPOSHOIHO20 3HAYEHUs U HaAKMUUECKOU HAsPY3KU Om
PEKOMEHO08aHHOU. Pazpabomana umumayuoHHas Mooenb SHEPLEMUYecKux npoyeccos 6 cucmeme ¢ KOPPeKmuposKou 3HAYEHUs.
DEKOMEHOO0BAHHOU Hacpysku. Pabomocnocobnocms npednodiceHHvlX peuleHuil noomeepicoena mooenuposanuem 6 Matlab u na
9KCNEPUMEHMATLHOU YCIMAHOBKe HA baze cmaHoapmnozo 2ubpuonozo uneepmopa. Ilonyyennvie pewienus asnaomces 0cHOBOU Ol
NPOEKMUPOBAHUs HOBbIX U MOOEPHUSAYUU CYUECMEYIOWUX (YOMOINEKMPULECKUX CUCTHEM TOKATbHIX 00bEKMO8 ¢ UCHONb306aHUEM
nPOSPAMMHO-MEXHUHECKUX KOMNIEKCO8 YRpasaenus snekmponompebdnenuem. bubn. 18, puc. 4.

Kniouesvie cnosa: MHOTO30HHBIH Tapu(, mepepacnpesejieHue 3HEPruH, CTeleHb 3apsaa akkymyastopa, IIIAM, cuenapuu
peKOMeH/I0BAHHOI HATPY3KH € TeKyIleii KOppPeKTHPOBKOI, MOIeTHPOBAHMeE.

Introduction. «Green» energy and, first of all,
photovoltaic systems (PVSs) are becoming more
widespread in modern conditions. This also applies to
«small» energy, in particular, economic entities — local
facilities (LFs) for various purposes. Here, the use of
combined (hybrid) PVSs with a storage battery (SB)
and connection to a distribution network (DN) allows:
to increase the reliability of power supply due to the

uninterruptible power supply function in conditions of
voltage outages when using solar generation and SB
energy; to increase the power consumption of the LF,
this is especially important if there is a limit on the
power from the power system, when the use of PVSs
is cheaper than the construction of a new power
transmission line and equipment for connecting to
the DN.
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The interest in the sale of electricity at the «greeny»
tariff, along with the provision of their own needs, is not
decisive for the LF which is associated with the
overestimation of the power of the PVS and with the need
for registration of permits. In addition, approaches to
«green» tariffs are changing, and the tariffs themselves
are decreasing [1]. In this regard, the approach adopted in
world practice is promising, when the consumer is a
prosumer [2], and energy is consumed where it is
generated. This partly alleviates the problems with the
management of generation in the power system and the
need to ensure the balance of energy.

The effectiveness of the introduction of PVS for
business entities is determined in accordance with the
increase in production and improved working conditions.
At the same time, the introduction of such systems should
ensure a reduction in the cost of paying for electricity
consumption from the DN, especially taking into account
the constant growth of tariffs. It is promising to use a PVS
with a SB when connected to DN with multi-zone
tariffication with the redistribution of energy between
tariff zones [3-5].

The real need for such PVSs is evidenced by the fact
that ready-made solutions [6-8] and the development of
«hybrid» inverters are widely represented on the electrical
market. These solutions represent modern software and
hardware complexes: with power supply of the LF from
an autonomous voltage inverter (AVI) and switching the
LF load to the DN (bypass) with insufficient generation of
a photovoltaic battery (PB) and SB energy; with a
network inverter (NI), when the load and NI operate in
parallel with the DN. These solutions are intended for use
in a one-part tariff, have a developed interface with the
possibility of remote control of parameters, for example,
with output to a smartphone. They have the ability to
reconfigure the parameters, but everything is done by the
operator, and their effective use requires experience and
skills. There are no functions for generating
recommendations and automatic adjustment according to
the weather forecast.

The cycle of operation of hybrid inverters provides
for the power supply of the LF load from the PB with
recharging the SB; if the PB energy is insufficient, the SB
energy is used. When the state of charge of the SB drops
to the threshold value, the transition to the bypass mode is
carried out, and the LF load is connected to the DN with
the SB charge (from the PB and the DN); if the SB energy
is sufficient, the LF is powered again from the SB. The
improvement of PVS in the conditions of multi-zone
tariffication is associated with the binding of switching of
operating modes to the hours of tariff zones, control of the
energy supply from the PB and the SB charge. Here, it
becomes possible to exclude energy consumption during
peak loads [4, 5], the discharge of the SB charged from
the night (according to the night rate) in the morning
hours until the morning peak is excluded, and the SB is
charged until the evening peak.

In real conditions, when using worn out and
overloaded DN, the option with AVI has an advantage,
which, if energy consumption is excluded from the DN
during peak loads and during light time, ensures the
autonomous operation of the LF. In this case, the quality

of the LF voltage is determined by the AVI, which will
contribute to the normal functioning of the LF in the event
of deterioration in the quality of the DN voltage. When
using a NI operating in parallel with a DN, switching to
stand-alone mode can be accomplished by disconnecting
from the DN.

In solutions of PVS with hybrid inverters, the use of
a SB is considered, the energy consumption of which W
varies within wide limits — W3 = 1-4.8 kW-h for a PB
with power of P=1 kW. Obviously, the Wy value is
determined by the system functioning algorithm. At the
same time, the cost of the SB is significant and requires
justification from the condition of sufficiency.

The use of daily meteorological forecast looks
promising with the formation of recommendations on the
LF load schedule P;(f) which will allow planning
operation modes and ensuring a reduction in energy
consumption from the DN at more expensive tariffs. It
becomes possible to automatically adjust according to the
season and forecast. Various approaches are used using
data from meteorological sites [9]. An interesting and
modern solution is forecasting using neural networks
[10, 11]. At the same time, the availability of the most
accurate forecast does not solve the issue of efficient use
of the energy of the PB and SB without linking P(?) to it.
And here it seems appropriate to use the system with the
formation of the P;x(f) load schedule recommended in
accordance with the forecast under various operating
scenarios. Since it is impossible to ensure an exact match
of the P;x(?) load, it is advisable to use the current P;z(f)
correction. The correction can be carried out according to
the actual parameters of the PVS. This issue requires
further study. In this case, the forecast accuracy of the PB
generation Ppy(f) at the level of the meteorological site
data can be sufficient for effective correction [12].

Simulation modelling is an effective tool for
studying the possibilities of controlling energy processes
in PVS [13-15]. Here, the introduction of additional
elements makes it possible to assess the possibilities and
efficiency of correcting the P;(f) load schedule for
various deviations of the actual Ppy(¢) and the predicted
Ppyp(f) generation of the PB.

The goal of the work is to improve the management
principles for a photovoltaic system with a storage battery
and autonomous operation during the daytime for a local
facility connected to a multi-zone billing network while
excluding the generation of energy to the network.

It is necessary to solve the following tasks:

o to study the possibility of using a limited number of
scenarios of operation with the recommended load
schedule based on the forecast of the PB generation with
the current correction based on the actual values of
generation and the degree of SB charge;

¢ to develop a simulation model of the system to study
energy processes in the daily cycle using the
recommended load correction;

e to carry out experimental validation using a standard
hybrid inverter.

The structure of the power circuits of the PVS.
The structure of a PVS with a SB (using the example of a
single-phase version of the PVS implementation, see
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Fig. 1) is based on a standard approach and contains: an
autonomous inverter (VSI) with an output LC filter, PB
(PV), SB, Load, DN (G) and switching devices. The PB is
connected to the AVI input through a DC/DC1 step-up
converter with the Maximum Power Point Tracking
(MPPT) function, the SB is connected through a DC/DC2
(charge controller) with two-way conduction. As a
starting point, a variant with the use of a hybrid inverter
of the Axioma Energy ISMPPT 3000 type (3 kVA) is
considered. The LF load is connected to the AVI output
and through the K1 contactor with the VS triac — to the
DN. The AVI with PWM and an output filter is used as a
source of sinusoidal voltage, and when the load is
connected to the network, it is used in the SB charging
mode. K1 is needed to disconnect the PVS from the DN
when the voltage disappears in it (emergency mode). VS
is used to exclude a pause when connecting to the DN
when the voltage is restored in it (first, K1 is closed, and

K2 1

after synchronizing the AVI voltage uc with the network
voltage u,, the triac is switched on). Relay K2 is used to
switching off the PB. Voltage and current sensors in
Fig. 1 are not shown.

Let us consider the operation of the PVS in a daily
cycle with autonomous operation when the energy of the
PB and the SB is sufficient to consume the LF load and
switching to bypass when the energy of the PB and SB is
insufficient. A variant of the load graph P;(¢) is shown in
Fig. 2 (bypass zones are highlighted). The following
conventional zones and relative tariffs have been adopted:
daytime 7,~=1 (£=11:00 — #=20:00), nighttime 7,=0.4
(2=22:00 — #=7:00), peak morning 7,=1.5 (£1=7:00 —
t,=11:00) and evening 7,=1.5 (#:=20:00 — #=22:00). In
this case, an unfavorable option is considered, when the
peak loads are shifted by the hours of minimum PB
generation.

l— \g— DC/DCI ®

PV

PV

i Kl i,
Vst %H_E_/+

B DC/DC2

Fig. 1. Structure of the power circuits of the PVS

Pss

P61

t t t;
Fig. 2. Dependence P, ()

tots tg t

In this case, it is necessary to take into account the
peculiarities of the charging characteristics of the SB. The
standard solution uses a charge in three stages [16, 17].
In this case, the «active» is the first stage when the state
of charge (SOC) of the SB 0*=100-0/0,<80 % (Q and
0, are the current and nominal values, respectively), when
the charge current /p for different SB types can vary
from 0 to Ipnx = (2+3)= (0.2+0.3)Cp (Cy is the SB
capacitance, /3,=0.1Cp is the nominal value). With further
charging, the current decreases significantly and,
accordingly, the ability of the SB to receive energy
decreases.

The depth of discharge (DOD) and the number of
discharge cycles n,. determine the SB life. Usually the
acceptable DOD does not exceed 30-50 %. Thus, DOD

must be controlled, limited (not lower than 50 %), and
SOC must be maintained in the active zone, for example,
75-80 %. This is possible with the use of a relay regulator
acting on relay K2 (Fig. 1) with PB disconnection. This
applies to the time interval when Ppy>P; and it is possible
to charge the SB using the energy of the PB. In the early
evening, when Ppy < P;, when Q* drops to the set value
0%*,, the load and the inverter are connected to the DN
with the SB charge from the PB and the network.

The autonomous operation of the PVS with limited
SB capacitance also imposes an additional limitation — the
need to reduce the generation of the SB when its energy is
excessive and there is nowhere to put it.

We proceed from the data on the generation of the
PB Pput) in the conditions of Kyiv according to the
archival data [18]. As an indicator of the efficiency of
PVS, we use a simplified indicator kz = C, / C, (C; and C,
are the cost of electricity consumed by the LF and the cost
of electricity consumed from the DN). Let us consider
various options for LF load schedules with constant
generation Pp/f) and with a change in the SB
capacitance. Energy Wj, given by the SB, taking into
account the efficiency #p of the SB and the efficiency
nc of the converter is Wyr = Wgngne (W = UpCp, Uy is
the SB voltage). We accept Wj, values from 1kW-h to
4.8 kW-h. We are considering the option of using lead-
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acid SBs of the OPzV12-100 type (12 V, 100 Ah), which
at DOD up to 50 % provide for at least 2500 discharge
cycles. With a two-hour discharge at Upz=1.85 V,
13=29.5 A, the discharge power is 57.6 W, and,
accordingly, #z= 0.947 [17]. In this case, the SB is used in
the active charging zone up to O* = 80 %, and only in the
hours preceding the peak hours, it is possible to charge
the SB from the network over 80 %.

Mode of operation with constant load from 7:00
to 20:00. In the evening, with a decrease in PB
generation, connection to the DN is inevitable at time #.
We accept the control values Q*=95 %, O*=85 %,
0*=62 %, O*.i:=>50 %. In accordance with [17], the
duration of the SB charge from 0*,=62 % to O*;=83-85 %
is approximately A¢ = 2.5 hours, respectively, #,=17:30.

In the hours of the evening peak (ts, t5) at 4Q*s¢ =
= Q0% — O*.in, the value of the load power Psq can be
taken from the condition of providing a two-hour
discharge (#56 = 2 h)

_AQ%s56 Wpr )
(tg —15)100

For the interval (¢, t5) AQ*1,=0* —0%*4, Wpy14 is the
energy generated by the PB on the interval (¢, #) in
accordance with Ppi(f), and the load power P,=P,=P;5

Psg

AQ* 4 Wy
Wyrg =———2, 2)
(t4 —1)100
Wgia +W,
Py= B14 T Wpyi4llc 3)

To exclude a deep discharge of the SB (Q*,>62 %)
during the morning peak hours (¢, %), a similar
calculation is performed for Py,. The lower power value is
taken as P;.

When charging the SB from the network, energy is
consumed:

e on the interval (¢, t;) — Wsc = 0.0140%; W
e on the interval (#4, t5) — Wacss = 0.0140%45Wgy.

Part of the SB energy is compensated by the energy
W pyas generated by the PB at this time -—
w! pras=Wppasnsnc (by t; the SB is practically charged,
and the PB energy is not used).

We accept the LF night load P;y=P,4/3. Then
= 0t — B N LBty — 1) + Pselts —15)1+ i (ts 1))

04t — 1) P+ 04 +1.0Wpcys+ Py (ts —t4)— I pyas

The values of the index kg at Wpyc = const (Wpyc is
the total energy generated by the PB) decrease with
increasing Wp. For example, with W = 1828 W-h —
kp=3.45, with an increase in capacitance by 1.5 times
(W=2742 W-h) — kz=3.4, with an increase in capacitance
by 2 times (Wp=3656 W-h) — kz=3.17. When
Wy = 2742 W-h values Q*=0%*, i.e. there is a balance
between the energy generated by the PB and the
consumed by the load. With a smaller SB capacitance, the
values 0*,<0*,, and there is an excess of PB energy after
11:00, which leads to a SB charge 0*>80 % and the need
to regulate the energy supply from the PB, i.e. the energy
of the PB is underused. With a larger SB capacitance, the
situation is reversed and Q*,<Q*,. With close values of kg
for Wz=1828 W-h and Wz=2742 W-h, it should be borne

in mind that at W3=1828 W-h, the value of the load power
P1,=P4yp (Pyyp is the average value of the PB generation
power per day), and in the evening peak Ps4 is almost half
as low. At Wp=2742 W-h, the value of Pss is close to
P,yp, and P, exceeds P,yp, i.e. this value of the SB
capacitance is preferable.

The solar activity time for the summer period is
limited to #;=16:30 and the &z value can be increased (up
to kz=(4.1-4.6)) with a decrease in P; in the interval
(%5, t5). Here, Py; increases. However, the capacity of the
SB is underused during the morning peak hours.

Let us consider the option P;(f) (Fig. 2) while
ensuring the maximum value of P;, and reducing the load
P3s. This will reduce the bypass time to 1.5 hours
(44=18:30), which is enough to charge the SB by 10 %.
We assume that 0*=95 %, O0*,=55 %, OQ*=78 % (less
than 80 %), Q*=75 %, Q*=85 %.

The values of Wpgio, Wgys, Wpis are determined in
accordance with (2), Py,, Py, P3;=P4 — in accordance
with (3), Ps¢ — in accordance with (1). Then

o 04(te —t)BN LI Rty —1) + Blle —ts) [+ Byl —1)) + Bults—13)
04t 1)+ 0+ Wpys+ Byslts—ta) W' pras

According to the calculation results, we have the
same situation with respect to kg at different values of the
SB capacitance: Wp=1828, 2742, 3656 kW-h, when
kg=5.47, 5.15, 4.73. Based on the possibility of providing
close to P4yp values of P,; and Psq with an increase in P,
it is preferable to use a SB with Wz=2742 kW-h. Also, the
SB must be able to accept the energy of the PB. Typically
allowable charging current is [3<(0.2+0.3)Cp. The
maximum value of the PB power for a clear day in June
[18] iS Ppymax=0.76Ppy. The SB with Wp=2742 W-h is
capable of accepting the excess energy of the PB at
P;>0.42Ppy,p and current [3=0.2Cp, and at [z=0.277Cp —
even at P;=0. Thus, Ppy: Wp=1:2.74 is accepted.

Solar generation depends on the season of the year
and weather conditions, and the recommended load also
needs to be changed. At the first stage of development,
three P;z(f) scenarios were considered, which are
determined by the ratio W=Wpyp/Wpymax (Wpyp is the
energy generated by the PB for the current day according
to the forecast, Wppmax 1S the maximum value of the PB
generation according to statistical data on a clear summer
day). With PB power of 1 kW in the conditions of Kyiv
[18], according to Wpymax, the average power value per 24
hours is Ppyc=250, for a day P,yp=500 W. If w>0.7, the
load scenario CS1 is selected, if 0.7>w>0.4 — CS2, if
0.4>w — CS3.

The CS1 scenario is focused on the maximum use of
the energy of the PB and the SB during peak hours and in
the daytime (Fig. 2), the calculation of power values is
discussed above.

The goal of the CS2 scenario is to increase the
average load power during the day, with a certain increase
in the duration of the bypass in the evening from 17:30
(t4) to 20:00. In this case, we have three stages of load
change: (#;, t:=16.30), (%, ts), (t5, t5). We take the value
P35=0.7P3, 0*=62 %, 0*=95 %. The energy consumed
in the interval (¢, #) by the load is W 4=P3(t:—
—tl)+0.7P13(t4—t3):P13[(t3—t1)+0.7(t4—t3)]. The value
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Wii1a=nc'WpyiatWpis. The value of P, is also determined
from the condition AQ*,<40 %. Accordingly, the
condition P3<P;, must be satisfied. The Pss value is
determined by (1). Thus, until 17:30, 1/3 of the SB energy
(40*4=33 %) is used, which is added to the PB energy,
which, at w=0.7, allows providing an average value of the
load power at the level of 0.8P,yp, at w=0.4 — at the level
of 0.5P AVD-

In the CS3 scenario, bypass prevails, and it is
realistic to exclude energy consumption from the DN
during peak hours due to the SB power. Load schedule is
similar to CS2. It makes no sense to take P,z by
calculation, since this value is small. Therefore, the value
of Pj, is taken at the level of P,=0.5P,yp with a
conscious increase in the cost of paying for electricity.
Also, in the daytime, a restriction of Q*>60 % is
introduced, since in the event of an emergency shutdown
of the DN with low PB generation, it is possible to remain
without electricity at night. The Ps¢ value is determined
by (1). On a clear winter day at w=0.3 in the midday
hours, Ppy exceeds the value of P4yp, therefore, the PVS
operates autonomously at this time.

The basis for the formation of the recommended
load schedule is the meteorological forecast, which can
change during the day, the predicted values of Ppyp differ
from the actual generation Ppyr. The values that the actual
LF load can take have a certain discreteness and cannot
exactly correspond to the recommendations; the
peculiarities of the LF functioning should also be taken
into account. Thus, there is a need for current adjustment
of the recommendations, which is possible based on the
values of Ppyp and Ppyp, as well as the actual degree of
charge in O*x.

The averaged value of Ppyz is used in the 5-10 min
interval preceding the time # when the correction is made.
The value p=Ppyx/Ppyp; (Ppyp; is the value at the moment ;)
is determined. The value of the PB energy at the
corresponding stage P;x(?), starting from ¢,, is taken equal
to Wpyi=p:Wpyp; (Wpyp; is the predicted value). The P x(f)
value is recalculated according to the expressions (1)—(3)
corresponding to the current stage of the schedule. At the
next correction point ¢, the procedure is similar.

To test the effectiveness of this method, a simulation
model of energy processes in a PVS was developed using
a Correction Load Unit (CLU). Here, it is possible to
adjust the LF load in a step-by-step mode with the use of
a programmable pause and subsequent continuation of the
simulation. The correction step is 0.5 h. The CLU
includes a set of sampling-storage devices with a 0.5 h
step for measuring the values of Ppyr, Ppyp, O*r PLR(?)
is calculated using expressions corresponding to the
selected scenario.

Wpeyp values for the time intervals corresponding to
the correction points 7:00, 7:30,... 20:00 (for example, for
point 7:30 in the CS1 scenario this is the interval
(7:30 — 11:00)), the duration of the intervals (in this case,
t,—t= 3.5 h), as well as the control values Q*¢ by intervals
(in this case Q*=0*=55 %) are set in tabular form.
Also, the dependencies Ppyp(f) are set in tabular form
(according to archival data [18] for Kyiv city at Ppy,=1 kW),

Ppy(f) and Pppi(f) is the recommended load schedule
according to the forecast at the moment #=7:00. The
P, correction is carried out directly in the P;g,(f) table.
The kg value per 24 h is also calculated.

The SB model is made according to the catalog data.
SB charge taking into account energy losses

0=0g¢ +J.113'dt, where (s is the initial value,

Iy = Ipns — when charging and Iy = I/ — when
discharging the SB. The I; value is formed in accordance
with the SB charging characteristics [17] in the form of
Ix(0*). In the discharge mode, a limitation of the
permissible value of I, Was introduced for 30 min.
This is implemented using an adjustable limit, when the
upper limit is set as /3(Q*), and the lower limit is /p,cmax.
The SB voltage is also set as the Up(Q*) dependence.
I value in the stand-alone mode

1. Kby nc -1y
B _—UB ,

where K, is the relay stay (K,=1, when the relay is on, and
K>=0, when the relay is off).

Since 0*<80 % is maintained in stand-alone mode,
there is no current [ limitation.

When connected to the network (bypass)

_ Py -nc+ Fea-nic
Ug ’

where Py, is the power consumed from the network when
Ppy is not enough to provide SB charging at the specified
current value, subject to the limitation specified as I3(Q¥).

The K, value is set by the relay element, which
switches to the state: K,=0 at Ppy5c>P; and condition
0*>80 %; K>=1 at Ppync<P; and condition Q*<75 %.
The load is connected to the network provided that
20:00>£12:00, Ppync<P., Q*<Q%*,, and also regardless
of other factors at 0*<50 %.

Simulation results in Matlab. The use of correction
on the interval (¢, ;) is considered. Under ideal
conditions for a clear day in June (Ppyr(f)=Ppyp(f)) and
load P;z;(?), the value kz=5.63. With a slight discrepancy
between the values of Ppyr(f) and Ppyp(?) at separate time
intervals (Fig. 3) and Pz (¢), the value kz=4.91. In the
case of load power correction (Fig. 3) kz=5.302.

At the value PPVF(t):0.9Ppr(t) and PLRl(t) kf401
When using correction (Fig. 4) kz=5.098. In the case
when the actual generation is higher Ppy(¢)>Ppyp(f), there
is no special need for correction, since ky increases, with
Ppy(6)=1.15Ppyp(f) the value kz=5.735. When using
correction kz=6.206.

At present, an experimental setup has been
manufactured on the basis of the Axioma Energy ISMPPT
3000 hybrid inverter (with a built-in MPPT controller for
connecting a PB and a SB charge controller) with a
developed software module for power consumption
control. The first tests with PB in CS3 conditions
(according to weather conditions of early December) were
carried out, which are planned to be continued (without
waiting for summer) on an experimental setup using an
electronic PB emulator.

Ip
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Fig. 4. Oscillograms of the 24 h cycle of the PVS operation at Ppy£)=0.9Ppyp(f)

Conclusions. The key to ensuring the efficiency of
PVS is the use of software and hardware complexes that
provide power consumption control, as well as
recommendation functions with their correction. In this
case, the subject-consumer is provided with information
that allows organizing energy consumption for the day
ahead while reducing the cost of paying for electricity. In
the absence of a response to the recommendations, the
system remains operational, eliminating the SB discharge
below the set level. The approaches discussed in the
article can be also used with a different schedule of tariff
zones during peak hours.

The proposed solutions can be used in the
development of new and modernization of existing PVS
with hybrid inverters when connected to a network with
multi-zone tariffication. The considered solution does not
imply parallel operation of the inverter with the DN. This
limits the possibilities of its application, since the load
power depends on solar generation. Therefore, the further
development of the work is to improve the principles of
PVS implementation using a network inverter, when the
load is supplied from the AVI and DN.
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PENETRATION OF NON-UNIFORM ELECTROMAGNETIC FIELD
INTO CONDUCTING BODY

The study is based on the exact analytical solution for the general conjugation problem of three-dimensional quasi-stationary field at
a flat interface between dielectric and conducting media. It is determined that non-uniform electromagnetic field always decreases in
depth faster than uniform field. The theoretical conclusion is confirmed by comparing the results of analytical and numerical
calculations. The concept of strong skin effect is extended to the case when penetration depth is small not only compare to the
characteristic body size, but also when the ratio of the penetration depth to the distance from the surface of body to the sources of the
external field is small parameter. For strong skin effect in its extended interpretation, the influence of external field non-uniformity to
electromagnetic field formation both at the interface between dielectric and conducting media and to the law of decrease field in
conducting half-space is analyzed. It is shown, at the interface the expressions for the electric and magnetic intensities in the form of
asymptotic series in addition to local field values of external sources contain their derivatives with respect to the coordinate
perpendicular to the interface. The found expressions made it possible to generalize the approximate Leontovich impedance
boundary condition for diffusion of non-uniform field into conducting half-space. The difference between the penetration law for the
non-uniform field and the uniform one takes place in the terms of the asymptotic series proportional to the small parameter to the
second power and to the second derivative with respect to the vertical coordinate from the external magnetic field intensity at the
interface. References 25, figures 8.

Key words: three-dimensional electromagnetic field, electromagnetic field formation, exact analytical solution, skin effect.

Hocnidoicenns 3acnosane nHa mouHOMY AHANIMUYHOMY PO36 A3KY 3A2ANbHOI 3a0aUl CNPAICEHHS MPUBUMIDHO20 KBAZICMAYIOHAPHO20
NOJSL HA MedHCi pO30iny JieleKMmpUyHO20 i e1eKmponposionoeo cepedosuwy. Bemarnosneno, wo neoonopione enexmpomachimue nosne
3a62COU 3MEHULYEMBCA 8 2AUOUHI weuoule, Hixe 00Hopione. Teopemuunuil 6UCHOBOK NIOMBEPOANCYEMBCA 3ICMABTIEHHAM Pe3yTbMamis
AHATTMUYHUX | YUCEeNbHUX pO3paxynkie. Ilonammsa cunbHo2o CKin-eghekmy ROWUPIOEMbCS HA BUNAOOK, KOU 2MUOUHA NPOHUKHEHHS
Mana nopisHAHO He MINbKU 3 XAPAKMeEPHUMU PO3MIPAMU MINd, ale MAKONC KOAU GIOHOWEHHs 2AUOUHU NPOHUKHEHHS 00 8i0CMAaHI i0
NOBEPXHI MiA 00 0Jcepel 306HIUHLO20 NOJISL € MATUM NAPAMempPOM. [l CUTbHO20 CKIH-egheKmy 6 1020 po3uiupeHoi inmepnpemayii
NPOAHANI308AHO GNIUE HEOOHOPIOHOCMI 308HIUHLO20 NONL HA (POPMYSAHHS €eKMPOMASHIMHO20 NOASA HA MeJXCi [ HA 3aKOH
3MeHWeHHsA NoasA 8 NPosioHomy nienpocmopi. Ilokazano, wo na medci supasu y @uensadi acuMnmMomudHux paoie Kpim JOKANbHUX
3HAYeHb NOAA 306HIWHIX Odcepen MICmAMb iX NOXiOHI NO KOOpOuHami, nepneHOUuKyIapHoi epanuynoi nosepxui. Ompumani eupasu
003601UNU Y3A2ANGHUMU HAOIUNCEHY IMNEOAHCHY 2PaHuyHy ymosy Jleommosuua 011 Oughysii HeoOHOPIOH020 NOoAsA 6 NPOBIOHUI
nignpocmip. BiOminuicme 3aKoHi@ NPOHUKHEHHS 051 HeOOHOPIOHO20 | 0OHOPIOHO20 NOIG MAE MiCye 8 UNeHAX ACUMIMOMUYHO2O
PAOY, NPONOPYILIHUX MALOMY NaApamempy 6 opyeomy CmyneHi i Opyeitl NoXiouii no 6epmMuKAIbHill KOOPOUHAMI 6i0 HANPYIHCEHOCHI
308HIUNBLO2O MAZHIMHO20 NOAA Y epanuynil nogepxui. bidmn. 25, puc. 8.

Kniouoei crnoea: TpuBHMipHe e1eKTPOMArHiTHe moJe, ()OPMYBAaHHS €JIEKTPOMATHITHOIO IOJIsl, TOYHUN PO3B’A30K 3ajAadi,
ckiH-edekT.

Hccnedosanue ocno6ano Ha MoYHOM AHATUMUYECKOM peuteHuu obweti 3a0auu CONpAXCeHUs MPeXMEPHO20 KBASUCAYUOHAPHO2O0
Nnoas Ha epanuye pazoena OUINIEeKMpUuiecKol u npogooaujell cped. Ycmanosneno, ymo HeoOHOPOOHOE IIeKMPOMAZHUMHOE NoJie 6ce-
2o0a ybvisaem no enybune bvicmpee, uem 00HOpPoOHOe. TeopemuuecKuil 6618600 NOOMBEPIHCOAEMC CONOCMABIEHUEM PE3VIbIMAMO8
AHATUMUYECKUX U YUCTEHHbIX pacyemos. TIoHAmue CuibHo20 CKUH-3)eKma pacnpocmpanaemcs Ha cayua, Ko2oa 2iyouna npo-
HUKHOBEHUsL MANLA NO CPABHEHUIO HE MOJbKO C XAPAKMEPHbIMU PA3MEPAMU meid, HO MaKice Ko20d OMHOueHUe 21yOUHbl NPOHUKHO-
6€HUsL K PACCMOAHUIO OM NOBEPXHOCMU Med 00 UCMOYHUKOS BHEUHE20 NOsL AGNAEMC MALLIM napamempoMm. [list CUIbHO20 CKUH-
apexma 6 e2o pacuiupeHHol UHMepPNPemayuu NPOAHATUZUPOBAHO GIUSAHUE HEOOHOPOOHOCMU GHEWHE20 NOISL HA (OPpMUPOBAHUe
SNEKMPOMASHUMHO20 NOJL HA 2PAHUYE U HA 3AKOH YObIBAHUS NOJIA 68 NPposodsujem nonynpocmparcmse. Tlokazano, umo Ha epanuye
8bIPAdICEHUS 8 8UOE ACUMNIMOMUYECKUX PAAOS OIS HANPANCEHHOCMel NoAetl NOMUMO JOKANbHBIX 3HAYEHUL NONSA GHEUWHUX UCOYHU-
KO8 COOepatcam ux npoussoonsle No KOOpOuHame, nepneHOUKyIAPHOU epanuynol nogepxnocmu. Tlonyuennvle suipadicenus nO3601UIU
0600WumMsb NPUOIUIICEHHOE UMNEOAHCHOe epanuytoe yciosue Jleonmosuya Ons Oupghysuu HeoOHOPOOHO20 NOJsi 8 NPOBOOsUee No-
aynpocmpancmeo. Omauyue 3aK0H08 NPOHUKHOSEHUsL Ol HEOOHOPOOHO20 U OOHOPOOHO20 NOJEl uMeem Mecmo 8 YieHax ACUMNmo-
MUYECKo2o paod, NPONOPYUOHALLHBIX MATIOMY NAPAMempy 60 6MOPOLl CIMeneHu U 6Mopotl NPOU3EOOHOU NO BePMUKALHOU KOOPOU-
Hame om HANPANCEHHOCMU BHEUIHE20 MASHUMHOZ20 NOJIA Y 2PAHUYHOU nogepxnocmu. bubi. 25, puc. 8.

Kniouesvie cnosa: TpexmepHoOe 3JIEKTPOMATHHTHOE MoJie, (opMupoBaHMe 3JIEKTPOMATHHTHOTO MOJS, TOYHOE pelIeHHe
3ajga4M, CKHH-3QPeKT.

Introduction. The interaction of electromagnetic
field with conducting medium is the subject of study in
many technical and electrophysical applications.
Examples include equipment for high frequency induction
heat treatment of metals [1-3], installations for processing
of metals under the action of high intensity
electromagnetic field and high density currents [4-6],
devices for electromagnetic forming or high-speed
forming technology using pulse magnetic field [7-9]. A
strong skin effect occurs in conducting elements of this

equipment, in which the current and electromagnetic field
are concentrated in a thin skin layer. The features of the
electromagnetic field penetration into a conducting body,
including its decrease in depth, depend not only on the
electrical conductivity, the relative magnetic permeability
of the medium and the field frequency, but also on the
geometric properties of boundary surfaces and the
character of the field distribution at the surface. Also, in
the mentioned devices the wavelength of the

© Yu.M. Vasetsky
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electromagnetic field is usually much larger than any
characteristic dimensions of the system and the processes
can be considered quasi-stationary, in which wave
phenomena can be neglected.

These two circumstances determine the main
limitations — it is considered the formation of a quasi-
stationary electromagnetic field in systems with strong
skin effect. Under the indicated limitations as it note in
[10], the use of simplified approaches to the calculation of
specific problems, and their use in the development of a
number of numerical methods are of methodological and
practical importance. Despite the long history of
development, the study of the formation of
electromagnetic field with strong skin effect remains an
actual task.

Approximate calculation methods are often used to
determine the electromagnetic field with strong skin
effect. For body of infinite conductivity the penetration
depth is equal to zero 6—0, and it is sufficient to use a
mathematical model in which the tangential component of
the electric field intensity and the normal component of
the magnetic field intensity are equal to zero at the
surface of the conducting body [11, 12]. The finite
penetration depth is taken into account in approximate
mathematical models using the concept of the impedance
boundary condition formulated by M. Leontovich [13]. It
is assumed that locally the electromagnetic field
penetrates into a metal body in the same way as a uniform
field penetrates into a conducting half-space. The local
values of the electromagnetic field at the interface
correspond to the model body with perfect conductivity.

Based on the perturbation method, it became
possible to calculate the fields inside and outside of
conductors with a curved surface [14]. Using integral
equations for curved surfaces, the solution of the problem
in the second-order approximation was obtained in [15].
The expansion in a power series in a small parameter
proportional to the depth of field penetration includes the
Leontovich condition as a first-order approximation. The
field penetration depth for such conductors dependents on
the average surface curvature [16]. For curved
conductors, first- and second-order corrections to the field
distribution corresponding to the diffusion of uniform
field into conducting half-space are found in [17].

The concept of surface impedance makes it possible
to use it in modeling problems of electrodynamics, taking
into account the geometric and physical properties of real
boundary surfaces. Detailed results of research in this
direction are given in a number of reviews. For example,
in [18] the experience of many years of research on the
application of the impedance approach in mathematical
modeling is systematized. The article describes the types
of structures for which methods of theoretical
determination of the values of surface impedances are
known. The generalized boundary conditions for the
analytical determination of the electromagnetic field
characteristics at the interface between media with two-
dimensional inhomogeneities are analyzed in [19]. A
comprehensive analysis of studies of the skin effect in
problems of electrodynamics is presented in the book [10]
where, among other things, the systematic method for
constructing boundary conditions of any order based on a

perturbation approach is considered, general approaches
to the numerical methods application are formulated such
as the boundary integral equations method, the finite
element method, and the finite difference method, and
also specific examples of calculations are presented.

In most of the cited papers, mathematical models of
the diffusion of non-uniform electromagnetic field are
limited of a small penetration depth value or insignificant
field non-uniformity at the body surface. The exact
solution of the problem of the diffusion of non-uniform
field into conducting half-space is presented in [17] for
the specific case of a field created by a thin rectilinear
conductor with a current directed parallel to the interface
between the media. The exact solution made it possible to
justify the limitations under which the impedance
boundary condition is valid for the considered non-
uniform field.

In [20], we obtained a complete analytical solution
to the problem of the penetration of a three-dimensional
quasi-stationary electromagnetic field created by external
sources in the form of current contours of arbitrary
configuration located near conducting half-space. There
are no restrictions on field non-uniformity in the obtained
solution. For the same mathematical model, an analytical
solution is found for the electromagnetic field also in the
dielectric half-space [21]. The exact solution made it
possible to obtain some justified results of the
electromagnetic field formation. In particular, the main
property is that in a conducting half-space the current
density and electric field intensity do not contain
components perpendicular to the boundary surface for any
system of initial currents and arbitrary dependence of
currents on time. In addition, in a short report, it is noted
as a general property that a non-uniform electromagnetic
field is decreased in a conducting medium faster than a
uniform field [22]. Analytical expressions are also
obtained for the field intensities at the interface between
the media, consequence of which is the generalization of
the Leontovich approximate impedance boundary
condition to the case of penetration of a non-uniform
electromagnetic field into conducting medium [23]. The
cited works contain separate parts of the problem of non-
uniform field penetration into a conducting medium and
do not sufficiently represent the solution of the problem
for an arbitrary three-dimensional quasi-stationary
electromagnetic field and for any properties of the media.

The purpose of this work is to generalize the results
of studying the penetration of a three-dimensional non-
uniform electromagnetic field into conducting half-space,
which unlike many well-known studies, is based on exact
analytical solution of the problem for an external field
created by sources in the form of an arbitrary system of
contours with alternating currents without restrictions on
the properties of the media and the field frequency. The
following objectives are to achieve the aim: substantiation
of the consequence that a non-uniform electromagnetic
field decreases in depth always faster than an uniform
field; investigation of the distribution of a non-uniform
electromagnetic field at the interface between dielectric
and conductive media; estimation of the influence of field
non-uniformity on its distribution in the skin layer in the
case of strong skin effect.
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Mathematical model and analytical solution of
the three-dimensional problem. The present work
differs from most of the previous studies in that it is based
on a complete analytical solution of the three-dimensional
problem of the electromagnetic field in an enough general
formulation [20, 21] and this allows to obtain a number of
substantiated general consequences. Note that numerical
methods, which also make it possible not to limit the
penetration depth, presuppose a specific formulation of
problems, and conclusions usually do not go beyond the
performed calculations.

Mathematical model for a single contour with
current. The analytical solution is obtained for the linear
problem of conjugation at a plane interface between
dielectric and conducting media of the three-dimensional
quasi-stationary field. The solution satisfies Maxwell's
equations and boundary conditions including the equality
of the normal components of the conduction current
density in a conducting medium and the displacement
current density in a dielectric medium. It is based on the
well-known analytical solution of the problem for an
emitting current dipole near the interface. A closed
contour / located in a nonconducting nonmagnetic
medium with a relative dielectric permittivity &,, without
loss of generality, was represented by a serial system of

dipoles with a constant initial current [, along the

contour. A conducting body is modeled as a half-space
with electrical conductivity » and relative magnetic
permeability g, in which eddy currents are induced.

The element of the external current contour is shown
in Fig. 1 as a segment of curve in the upper half-space
z> 0. The position of the field source point on the contour
M relative to the observation point Q is determined by
vector r. The axis z is oriented perpendicular to the
interface surface in the direction of the single vector e..
For an arbitrary spatial contour, the unit tangent vector to
the contour ¢ = ¢, + ¢, has nonzero projections onto the
vertical direction ¢, = (f-,)e; and onto the interface
between the media ¢, = ¢ — (t-e.)e..

1

M

] )
Ee, (Ye =0, 1o =1) My ¢

Y. M
Fig. 1. Element of arbitrary spatial contour / with current jo
located near conducting half-space

For the system wunder consideration all
characteristics of the electromagnetic field in conducting
and dielectric media are found in the form of expressions
for the complex-value amplitudes of the vector and scalar
potentials, the intensities of the electric and magnetic
fields. (Complex-value amplitudes we will mark with a
dot over the corresponding symbols). Since the linear

problem is considered, it can easily be extended to the
general case of an arbitrary external field created by the
corresponding system of current contours and to an
arbitrary dependence of currents on time /o(f) using the
Fourier transform.

Electromagnetic field in conducting half-space. The
expression for electric intensity in conducting half-space
at point O(p,6,z) is the following [20]

Holy .
ol 21wf[t|7“1(p,9,z)+(t-ez)epTz(p,Q,z)]dl, (1)

Ei:_

where o is cyclic frequency, i is imaginary unit, g4 is
permeability of vacuum. Here the local cylindrical
coordinates (p,6,z) with its unit basis vectors (e,, e4 e.)
are used (Fig. 2). The center of the coordinate system is
located at point M, intersection of the vertical axis with
the interface. The angle 6 is defined relative to the axis
directed along the unit vector ¢, = #/|#|. The values of
local coordinates depend on the position of the source
point M during integration along the contour.

The functions 7(p,6z) and Tx(p,6z) in (1) are as
follows

\exp I Mo(9p) g,
w9)

,0,9 z)= Texp
0

2

7 \exp 9231 M1 (9p)
p,6’z Iexp W(S) 99,

0
where ¢ = \132 + p2 , P =.iouuyy is propagation

constant, w(:9) = & + q/u, Jo(-) and Ji(-) are Bessel
functions of the first kind of zero and first orders. Since
the decrease of the field with respect to depth is
considered, the functions that depend on the coordinate z
are distinguished by a separate factor in (2).

)
Z

M
tdl

h

j‘l{{(]

1)
: Olp,0,2)
Fig. 2. Geometric parameters for determining the values of the

electromagnetic field intensities at the point Q(p,6,z) in
conducting half-space z <0

The expression for the magnetic field intensity H i
in conducting half-space follows from the Maxwell
—iwppgH

{tl[ezsmegﬁ e )0 }( )eg}dz 3)

As follows from (1), the projection of the electric
field intensity to the direction perpendicular to the plane
interface between the media is always equal to zero

E;-e,=0. On the other hand,

equation V x E =

: i
H, _Holo
4mu !

in this medium all
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components of the magnetic field intensity in the general
case can have nonzero values.

To study other general features of the electromagnetic
field formation associated with the penetration of non-
uniform field into conducting half-space, it is advisable to
introduce dimensionless parameters, whose values are due
to the form of expressions (2). In this case, we use

dimensionless integration variable y =9 y/ N ouuyy
pz= x/Z % ,  Where

5 =1/Re(p)=/2/(@uuyy) is the penetration depth of a

uniform field into conducting half-space [24]. As a result,

the functions N(p,0,z) =— fl( ﬂ] and

and take into account that

T (p,0,z) = —fz( ,Bj will be expressed in terms of

dimensionless parameters where

exp| — f np
oa) ) P,

') €X] _M ZSinﬁ
e

here the parameter &= uo / x/ErS is proportional to the

ratio of the penetration depth d'to the distance rg from the
field source at a point M on the contour to the body
surface at a point Oy (Fig 2). The denominator w;(y) in
the integrands (4) is written as

(6)

Expressions (1) and (3) describe the penetration of
the electromagnetic field of arbitrary contour with current
into conducting half-space and in the general case they
differ from approximate description of the penetration of
uniform field. Both the values of the intensity of the
electric and magnetic fields on the boundary surface z =0,
and the law of their decrease depending on the coordinate
z are differed. Usually, in approximate models, the initial
value is the tangential component of the magnetic field

intensity HT at the boundary, the local value of which

for a body of arbitrary shape is found from the solution of
the external problem under the assumption of the perfect
skin effect >0 [11]. The local value on the body surface

H
penetration into conducting half-space is described by the

. is taken as the value of the uniform field. Its

known distribution of the electric E; and magnetic H;
E =Ee” H =He" [24]. The field
vectors are related by the Leontovich approximate

intensities:

impedance boundary condition ET :g[ez x H |, where

the surface impedance ¢ =./iouuyy /}/ in this case

connects the values of the field vectors not only at the
interface between dielectric and conducting media

E.,H,, but also in the entire conducting half-space
E i» H i In the
electromagnetic field penetration, expressions (1) and (3)
show the difference both from the values of the electric

general case of non-uniform

E, and magnetic H, intensities at the boundary surface

with perfect skin effect, and the law of their decrease
depending on the coordinate z.
Electromagnetic field in dielectric half-space. The

expressions for electric E, and magnetic H, intensities

in dielectric half-space where the current contour is
located are determined by single function G, [21]

E,=Ey+E+E;=—io Oloﬁ{——e x[tleGe]Jdl’(7)

',13

HHHH§[ _tlxv[ageﬂdz ®)

where function G, using dimensionless values are
determined by following improper integral

wexp(— xcosfy }Io(lsinﬁlj
G—Zj “1 U gy )
Wl(Z)

The geometric quantities included in expressions
(7) = (9) are shown in Fig. 3. The elements td/ of the
initial contour and #dl of the mirror reflection contour
relative to the interface are located at the points M and M,
respectively. Projections of tangent vectors onto the
vertical axis are equal in absolute value and opposite in
their direction (#. = — ), and the projections # and ¢
onto the plane of interface between media are equal in
their lengths and directions tlH = t\l’ ie. t= tH +t,t= t1‘| +
+t.=t—t. Vectorsr = (zy—z)e. + pand r, = (zyn — 2)e. +
+ p=—(zy + 2)e. + p (the vector p is the projection of
vector r or vector r; onto interface) determine positions of
points M and M, relative to the observation point Q. The
angle S, shows the orientation of the vector r relative to

the vertical axis. The parameter &) = ,u§/ (ﬁrl) is

connected with distance | between points M; and Q.

'y
O
tdl

< 4:1‘: dl

M |t,di

r

1y dl
M, :. l!l:Cﬂ
tdl

Fig. 3. Location the contour element ¢d/ and its mirror reflection
t,dl relative to the observation point Q
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The first and second terms in (7) and (8) describe the
solution of the problem for perfect skin-effect when 60
[20]. At a value of the penetration depth other than zero
the impact of electro-physical properties of the medium is
taken into account by the third term.

The electromagnetic field (7) and (8) at an arbitrary
point of the dielectric half-space is created by all sources,
including the current of the initial contour, eddy currents
in conducting medium, sources of magnetization of the
medium and electric charges at the interface between the
media. We can say that this total field decreases from the
value at the interface during its diffusion into conducting
body. The presence of the third term in (7) and (8)
determines the difference between the tangential
components of the field intensities on the surface from

their values E,, H, , which correspond to the field in the

approximate model of the perfect skin effect.

General feature of decrease of non-uniform
electromagnetic field in the conducting half-space. The
availability of the exact solution to the general problem
allows, first of all, to analyze the features of the
penetration of non-uniform field into a conducting half-
space without restrictions on the values of the electro-
physical parameters and the field frequency.

As it follows from (2) and (4), the distribution of any
component of the electric and magnetic field intensities in
the skin-layer, depending on the coordinate =z, is
associated with exponential function K(z/d,y) (5) in the

integrands. The factor \/1+[;(/ (,u\/; )]Z in the exponent

affects to the field decrease law. If the influence of the

second term [;(/ (y\/; )]2 is absent, it corresponds to the
decrease law of the wuniform field.  Since

Re(\/1+[;(/ (,ux/z_')]zJ>1, the decrease of the non-

uniform electromagnetic field created by the current
contour is always faster than that of the uniform field.
Taking into account the principle of superposition, this
conclusion will be valid for any system of initial closed
contours and therefore is valid in the general case of
arbitrary external field.

Thus, faster decrease of non-uniform
electromagnetic field as compared to uniform field is
general feature of the electromagnetic field formation at
its diffusion into conducting half-space. A qualitative
explanation of the found feature can be based on the
analysis of the inhomogeneous field formation under the
action of «standard» external sources and it is the subject
of additional research.

Let us consider the influence of the parameter ¢ on
the field penetration law, that is, the effect of the distance
between the external field sources and the body surface in
comparison with the penetration depth (at ¢ = 1). The
parameter ¢ also characterizes the field non-uniformity,
since the closer the current contour is to the surface, the
more non-uniform field is at its surface. This is reflected
in the influence of the parameter £ on the dependences of
the functions fi(z/5,&,0) and fi(z/d,6,) with respect to
coordinate z in (4).

Let, for example, the sources of the external field are
remote at a considerable distance from the surface of a
conducting body and, accordingly, for all points of the
contour £<<1. In this case, in (4), due to the presence of
the exponential function exp(—ycosf/¢), the value of the
integrands turns out to be insignificant when ycosf > &
That is, the value of improper integrals (4) at small values
¢ is mainly determined by the behavior of the integrand
near the lower limit of integration y = 0. This means that
when integrating in (4), the influence of the factor

Y1+ [;(/ (,u\/: ) will slightly differ from the case when

this factor is equal to one. Therefore, if £<<1, then the
decrease in the field from its local value on the surface at
the point O, will be close to the decrease in the uniform
field.

If the parameter ¢ is not small the influence of the

factor \[1+[;(/ (,u\/z_ )]2 is much more. In this case, the

elements of the contour as a source of the external field
are located closer to the interface between the media and
the decrease of the electromagnetic field will occur
according to a different law with larger decrease rate in
depth.

A specific example when the penetration depth

5 =\2/\oupoy
contour illustrates the general conclusion of three-
dimensional field decrease. An additional argument for
the validity of the conclusion can also be a comparison of
the results of calculating the decrease of non-uniform
electromagnetic field, performed using the obtained
analytical expressions and using the numerical method in
the Comsol package [22].

The calculation was performed for a circular contour
located in a plane perpendicular to flat interface, as shown
in Fig. 4. The radius of the contour is R = 0,05 m, the
minimum distance from the contour to the interface is
ho = 0,02 m, the electrophysical properties of the medium
are as follows: 2= 1, =10’ 1/(Q-m). In contrast to the
analytical method, in the numerical calculation, the
current contour was selected in the form of a conductor
with a square cross-section 2rx2r at » = 0,004 m. In the
numerical calculation, the problem was solved in a
limited area, the dimensions of which significantly exceed
the contour radius. Different values of the field
penetration depth and, accordingly, the values of the ratio

SR or &, =max(s)= ,ué/\/zho
choosing the field frequency.

is comparable to the dimensions of the

are obtained by

;1‘[} g—._

ﬂ#hwl’ ®
o

Y, 1

Fig. 4. Electromagnetic system with a circular current contour
located in the plane perpendicular to the interface
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The results of calculating the electric and magnetic
field intensities are shown in Fig. 5,a-c. In the upper
group of figures, arrows show the distribution of the
induced current density j, = yE; in the vertical plane
passing through the center of the circular contour. The
results of these calculations, performed by the numerical
method, confirm the theoretical conclusion about the zero
value of the vertical components of the electric field
intensity and current density. The curves in the figures
below show the change with depth for component of the
amplitude of the electric field intensity, normalized to the

value of the field at the surface E: :|Ex :01.

The coordinate value in conducting medium is normalized

to the value of the field penetration depth. The dotted
lines show the decrease of the uniform field. Solid lines
correspond to analytical calculations, individual points
marked with squares correspond to the results of
numerical calculations. The bottom row of figures shows
dependences for different components of the magnetic field
intensity, also normalized to the amplitude values of the
corresponding field components at the surface of the

conductive medium Ay = |Hy|/|Hy (= = 0), where k=x, y, z.

Note, in contrast to the electric field, the wvertical
component of the magnetic field intensity in conducting
half-space in this case of a three-dimensional field is not
equal to zero.

(a) | (b) (c)
O/R = 3.18; £,=5.63 8/R=10:¢,=178 3/R=0.5:¢,=089

--—'i = —r—u-gr_z $s _‘

15 2.0 G

05 1
-z/8

1 ] 5 2.0
-z/d

Fig. 5. Depth distribution of the normalized amplitudes for the components of the electric £ ; and magnetic H ; ) H; , H:

intensities in conducting half-space for non-uniform three-dimensional field created by the specific system in the form of circular
current contour near the flat interface between media

It is seen that with a decrease in the penetration depth
Jin comparison with the radius of the contour R or with the
distance 4, the penetration law both electric and magnetic
fields approaches the slowest decrease of uniform field.
Immediately below the contour at x = 0, y = 0, where the
contour section most closely approaches to the interface,
decrease is more pronounced than at x = R. This is
explained by the fact that at x = R, the contour sections
are at greater distance from the surface, and therefore the
non-uniformity of the external field distribution near the
surface is less than in the case when x = 0.

Dashed curve in Fig. 5,b for vertical component of
magnetic field has a conditional meaning, since in the
approximate model of the diffusion of uniform field the
component of the magnetic field intensity normal to the
surface is equal to zero. However, for diffusion of a three-
dimensional non-uniform field, this component is
nonzero.

For the considered system on the plane x = 0, the
field component H . 1s equal to zero, and therefore in

Fig. 5,c the corresponding curve is missing.
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Penetration of non-uniform electromagnetic field
in the case of strong skin effect. The general feature of
faster decay of non-uniform field in comparison with
uniform one is the basis for analyzing the decrease of the
field, when introduced parameter is small £ < 1 and not
necessarily going to zero. This parameter depends on the
position of the source point M on the contour. This
section deals with arbitrary electromagnetic systems for
which the maximum value &, = max(¢) of all gis a small
parameter.

Comparison of decay of non-uniform and uniform
fields. To confirm that the penetration law of non-uniform
field is approached the exponential decrease of uniform
field, let us compare the functions fi(z/d,&) and
f(z/0ep) in (4), taking into account the factor

\1+ [;(/ (,u\/; )]Z in the exponent with the same functions

fro(z/6,,p) and fyy(z/5,&,9), but provided that the factor is
taken to be equal to one, which corresponds to decrease of
uniform field. For the electric field intensity, these
functions are related to the directions of the current
parallel and perpendicular to the interface. For the
magnetic field intensity, the corresponding functions that
follow from (3) can be similarly considered.

Let us first consider changes in functions f£(0,&,/5)
and £5(0,¢,p) at the surface (z = 0). The dependences of the
modules of these functions on the value p/h = tang at
4 =1 and various values of the small parameter £ < 1 are
shown in Fig. 6.

1/:40,,B)l

plh p/h

Fig. 6. Changes in the functions [f|(0,&,/)| and |f,(0,,0)| at the
interface depending on the relative distance o/h = tang for small
values of the parameter ¢< 1 and u=1

It can be seen that sections with different directions
of the current are involved in different ways in the
creation of the tangential component of the electric field
intensity on the body surface. The horizontal component
of the current gives the largest value of integrand in (1)
just below the current element. The largest value from the
vertical component of the current is realized at a certain
distance from the point M, in the radial direction at a
distance p approximately equal to the height at which the
contour element is located.

The curves in Fig. 7,a show values of the modules of
functions dependents on the depth for direction of the
current parallel to the interface at g = 1: solid lines
correspond to the function |[fi(z/d,¢,/, dashed lines
correspond to the function |fio(z/d,6,. The results are
given for the case = 0 where the function [fi(0,¢,/ at the

surface takes the largest values. The curves for different
values of the small parameter ¢ are obtained by choosing
the corresponding values of the height / above the surface
on which the contour element is located. A comparison
confirms the statement about the insignificant influence of
the functional dependence of the integration variable in
the exponential function. The quantitative values of the

deviation that arise when the factor \[1+[;(/ (,u\ﬂ)]z is

replaced by one are shown in Fig. 7,b in the form of a
relative deviation value A; = ||fj| — |f1oll/|f1]-

(a) (b)

0.04 0.04
003 003
S e=0.2]
= 0.02 F0.02H+7 :
b £=02
0.15 \
0.01 -
0.01n0, 1N -
2] 01 T~
0 1 2 3 09 1 2 3
z/8 -z/8

Fig. 7. Comparison of the decrease of non-uniform and uniform
fields for functions f; and f, corresponding to the direction of
the current parallel to the interface between media for the small
value of the parameter <1 and u=1

Similar results are also valid for the term of the
integrand in the contour integral (1) related to the vertical
direction of the current. Comparative values of functions
(20,80, frl(z/d6) and the values of their relative
deviation A, = ||f3] - [fo0ll/|f2| are shown in Fig. 8. In this case,
the observation point is selected near the maximum value
of the function |£;3(0,¢,0)| at the interface at p= h, (f= 7/4).

(a) (b)

0.012 0.02
0.0l 0.015
0,008 .
=0.006 0.01
= 0,004
0.0(
: 0.005
0,002
Op ) i 2 3
-zf -z/d

Fig. 8. Comparison of the decrease of non-uniform and uniform

fields for functions f; and f5y corresponding to the direction of

the current perpendicular to the interface for the small value of
the parameter €< 1 and y=1

From the presented calculations, it can be seen that
with decrease in the value of the small parameter & the
error from replacing the factor in the exponential by one
rapidly decreases, approximately inversely proportional to
the &. Similar results turn out to be valid for the magnetic
field intensity.

The following conclusion can be made from this.
With a strong skin effect, when the maximum value of the
introduced parameter &, is small, the electromagnetic
field decrease from the local value on the surface,
approximately according to the penetration law of
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uniform field. Since the penetration law depends on the
value of the parameter &,, the concept of strong skin
effect can be extended from the point of view of the
possibility of using the penetration law of uniform field.
The skin effect can be considered strong when the product
of the relative magnetic permeability and the penetration
depth u4d is small not only with respect to the
characteristic dimensions of conducting body, but also of
the entire electromagnetic system, including the distance
from the surface of body to the external sources.

Taking into account the boundary conditions

(Z:():Ee”:EiH’HeH:HiH’HeJ_//u:HiJ_) and the

expressions for the field intensities in the dielectric half-
space (7) — (9), the approximate expressions in the
conducting half-space take the following form

Ei ~ epZEi(z = 0)2 epZEeH(z = 0)2
(10)

ePZi ﬂ;)io fez x[tl xVGe|Z:0]dl,

H; = e” Hy(z=0)= e [Hy (- = 0)+ H,, (- =0)/ ] (11)

where the components of the magnetic field intensities at
the dielectric surface are as follows

HeH(Z :O):Hel(z :O)+He2(z :O)+
Iy 0°G, [aGeJ

20 — \v4 12
4ﬂﬁ[t|xez] e dl., (12)
z=0
dl.

: Iy 8G,\ °G
H@L(”O):ﬂ’lx{v( el }
l z=0

The expressions (10) — (12) presented as two factors
are approximate only in relation to the dependence on the
coordinate z. On the surface at z = 0, they take into
account the non-uniformity of the electromagnetic field
and give the values of the field intensities without
restrictions on the value of the parameter £= &.

The next two questions are related to the introduced
extended concept of the strong skin effect. First, what is the
difference at the interface between the intensities of the

non-uniform field E;(z=0) and H,(z=0) in (10) - (12)

from the values of the tangent components E, and H,

for the model of the perfect skin effect. Second, what is
the error of replacing the penetration law of non-uniform
field with the penetration law of uniform one, depending
on the value of the small parameter.

Non-uniform electromagnetic field at the interface
between media. For small values &, at an arbitrary point
of the dielectric half-space, including at the interface
between the media the expressions (10) and (11) can be
simplified. In this case the function G, can be represented
by an asymptotic series, limited by a certain number of
terms N [25]

N N < ¥ i
G, ~ ZGn _ Zian(”)J[%] eXp[—%:ﬁl]Jo[}(Slnﬂl Jd}{ 2(13)
0

&
N n+l (n)
& 16 1
=>2-"a (u)(—lj —[—]
PSR s W3 I b

where a,(u) are the Taylor series coefficients of the

o0
function 1/wy = Y _a, (,u)(;(/\/;y‘ .
n=0

The use of asymptotic expansion (13) for field
intensities (1), (3) or (7), (8) on the surface made it
possible to find approximate values of the field at the
boundary and to establish some general features of the
field formation. Finding the corresponding relations is
given in [23].

Firstly, in the found analytical expressions, the
electromagnetic field on the surface is determined only by
the known distribution of the field of external sources at
the boundary

: LA < AN A [(14)
EH(Z:()):ZEHn:gZzan(:u - 0 erHOH ?
n=0 n=0 p & =0
) N+l N+1 n oM .
HH(Z =0)= ZHHn = —Zzanl(u)[zj {0}”0} (15)
n=0 n=0 i
. ] . n+l (1) 7]
HiJ_(ZZO):ZV:Hu_n :_izan(u)[uj {6,,11(”} ’(16)
n=0 n=0 3 P 0z 0

here, it is taken into account & / Vi =u/p; it is

accepted a, = —1; HO is the magnetic field intensity of
external sources in dielectric medium at the interface. If
the external field is created by a single current contour,

then

: I
Hy=— 0§82 g 17
472'1 r3
From (14) — (16) it can be seen that the

electromagnetic field is determined not only by its local
value on the surface, which corresponds to n = 0. It also
depends on the derivatives of the field with respect to the
coordinate, that is, on the non-uniformity of the external
field at the interface between the media. In this respect,
the electromagnetic field at the boundary differs from the

values E, and H, in the perfect skin effect model. The

difference is associated with the field of eddy currents in
conducting medium, the distribution law of which
depends on the degree of remoteness of the external field
sources in comparison with the penetration depth. The
component of the magnetic field intensity normal to the
boundary, which is absent in the perfect model, is
determined only by the derivatives with respect to the
coordinate z of the same external field component.
Secondly, the found expressions (14) — (16) made it
possible to generalize the Leontovich impedance
boundary condition for the case of diffusion of non-
uniform electromagnetic field into conducting medium.
The impedance boundary condition, which establishes the
relation between the tangential components of the electric
and magnetic field intensities at the interface, for
individual terms of the asymptotic series is the following

an—l(:u)EHn :_an(:u)gez ><FIHn : (18)
It follows from (18) that the Leontovich approximate

impedance boundary condition is valid only for the first
two terms of the asymptotic series. The deviation takes
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from n = 2 (&), for which (18) gives

place startin
572 u? )Jge . xH |2- The requirement for

Ep=-1/
fulfilling assumption in the approximate impedance
boundary condition that the normal field component is
equal to zero is more stringent. It holds only for the zero
term of the asymptotic series and it is violated already at &'.
Influence of the small parameter value to the field
penetration low with the strong skin effect. Let us perform
a quantitative assessment of the influence of the small
parameter value ¢ to the change in the penetration law of
the electromagnetic field into conducting half-space. The
analysis is carried out based on the expansion of
expressions (4) in the asymptotic series, where for small ¢
the Taylor series expansion of the factor in the integrand
is used near the zero value of the integration variable y.
Unlike (9), for the asymptotic expansion of improper
integrals (4), it is necessary to use not only the expansion

in a power series of the function w; l(;{), but also the

expansion of the exponential function (5). Taking into
account, except one, next term in the expansion of the

factor \[1+[;(/ (,u\/z_ )]2, approximate expression for

exponential function (5) will be as follows

T () [ ] e

where it is considered that the ratio z/§ does not exceed
several units.

Taking into account (19), the functions f(z/d,¢,0)
and f,(z/9,¢,p) in (4) can be approximately represented as
following (below we use the combined designation
J1.2(2/6,&,p) for the two functions)

fl’z(g’g’ﬁj =~ exp(@g‘j{flyz(o,g,ﬁyr \/Eg"z/llzkl~2(0’g’ﬁ):| ,(20)

where k 5(0,&,/) differ from f; ,(0,¢,/) by the presence of
factor (;(/ x/z_ )2 in the integrands (4).

After substitution 1/, = ian ( ﬂ)()( i T , the functions
n=0
k12(0,&,0) and f1,(0,5/) can be represented as expansion in
asymptotic series, similarly G, to (15) forz=0

N N
fl(0>‘9>IB): \/;Zanfl, n» f2(0’g’ﬂ): \/;zaan, n»

n=0 0 (2 1)
i N
k10,6,8) =0 Y apfi neas k2(0.6,8)=0 Y ap fo. pias
n=0 o
where
o o 22122}
: (22)

S n =T(;(/\/;T+l exp[_ lCZSﬁle(zsi,nﬁde.
0

To obtain the final expressions, it is sufficient to use
expressions (14) — (16) of the expansion into asymptotic
series of the electric and magnetic intensities at the
interface. In this case, for the additional term containing

k12(0,5,0), the same expressions will be valid, in which
the values of the degree of functions and derivatives
change from n to nt2. Besides, since in (20) only one
additional term of the series is taken into account, the
functions k;,(0,&,/) must also contain only one term of
the expansion. With the same exactness the functions
f12(0,&,0) can contain no more than three terms of the
series. As a result, using the value of the field intensity at
the interface (14), the expression in which the difference
from unity for the factor in the exponential function is
taken into account will be as following

{ﬂf[ll]ﬁ(z)”o
.o \P 2;12 a?

2 . o9,
fu) e ol
[Pj 2;12 &?

. A
u Mo
Ho & |
r

+
_ .(23)
E; ~2ePge, x z=0

z

z=0

Similarly, using the values of the components of the
magnetic field intensities at the boundary (15), (16) and
the expansion of the exponential function (19), we can
also write approximate expressions for the decrease of the
non-uniform magnetic field in the conducting half-space

w1 Uy
o \P 2u? ) oz’ )

p 0Oz
) .
+ (Mj Pz a(Z)HOH

p) 2u® oz?
+(ﬁ]2 - Py,
o \P 2/42 a3 o

z=0

0|

o | (24)

A(2)
o, |
2
z=0 P &

My,
I24

+

25)

. 2
H; ~—Ze* 0

b +[£JZ£M
P

2,142 a3

For the components of the electromagnetic field
between the media, the deviation from the penetration law
of uniform field takes place for the terms of series
proportional to the second-order derivative of the field

intensities at the surface. The deviation for the component
of the magnetic field intensity perpendicular to the

i||» directed parallel to the interface

surface H; | occurs for the term of series proportional to

the third-order derivative. This is due to the absence of
local value of the field at the surface in (18) which
already contains a common factor proportional to the
value ¢

As follows from (23) — (25), the deviation of the
penetration law of non-uniform electromagnetic field in
conducting medium from the penetration law of uniform
one appears when the small parameter is taken into
account in the second power &. This conclusion is in
agreement with the calculation results shown in Fig. 7,b
and 8,b. In addition, it follows from (23) — (25) that the
maximum value of the modulus of the additional term
takes place at the maximum value of the function

|pz exp(pz) = ‘(ﬁz/&)exp(z/&X , which is realized at —z = 6.

This value also agrees well with the ratio z/J in Fig. 7,b
and 8,b when the deviation reaches its maximum value.
As can be seen from (23) — (25), for all components
of the electromagnetic field with strong skin effect, the
deviation of the penetration law of non-uniform
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electromagnetic field from the penetration law of uniform
one is determined by the value of the same parameter

2 2
H| Pz £ 2
(pJ 2u° (#] 4

Estimate (26) takes into account only the difference
between the field penetration laws. The total relative error
associated with the use of the model of perfect skin effect
will be much more, since this model also does not take
into account the field non-uniformity at the interface.

Conclusions.

The exact analytical solution of the three-
dimensional problem of quasi-stationary electromagnetic
field in the system «current contour of arbitrary
configuration — conducting half-space» allows to obtain
some general substantiated consequences of the field
formation. These consequences, considered in the paper,
are as follows.

I.It has been established that non-uniform
electromagnetic field, upon penetration into conducting
half-space, decreases in depth always faster than uniform
field. Quantitative characteristic of the field decrease rate
can be considered the parameter proportional to the ratio
of the penetration depth of uniform field to the distance
from external sources to the interface between dialectic
and conducting media. With decrease in this parameter,
the field is decreased slower, tending to the slowest
decrease of uniform electromagnetic field, when the
quantitative parameter tends to zero.

2. From the point of view of the possibility of using the
penetration law of uniform field the concept of a strong
skin effect can be extended. The skin effect can be
considered strong when the penetration depth is small not
only with respect to the characteristic dimensions of
conducting body, but also of the entire electromagnetic
system, including the distance from the surface of body to
the external sources. In this case, the introduced
quantitative parameter is small.

3.In the case of strong skin effect in its extended
interpretation the non-uniformity of the electromagnetic
field affects both the values of the field intensities at the
interface between the media and the field penetration law
into conducting body. The effect of field non-uniformity
at the boundary surface is expressed in the fact that the
electric and magnetic field intensities, in addition to local
values, contain derivatives of the external sources field
with respect to the coordinate perpendicular to the
interface. The found analytical expressions for the field
intensities in the form of asymptotic series make it
possible to generalize the Leontovich impedance
boundary condition to the diffusion of non-uniform field
into conducting half-space. The mathematical model of
the uniform field penetration into conducting medium to
study the penetration of the non-uniform electromagnetic
field is valid up to the introduced small parameter in the
first degree. At the same time, the use of exponential
decrease of the uniform field from its value at the
boundary, determined with regard for its non-uniformity,
is valid up to the small parameter already in the second
power. The same limitation is valid when using the
Leontovich approximate impedance boundary condition.

(26)

Further theoretical work is possible in the direction
of a more general description of the non-uniform field of
sources, not being limited to external sources in the form
of current contours. The development of the theory is also
possible in the direction of the formulation of boundary
value problems, taking into account the known, as it
shown, field at the interface between media. The found
features of the field formation can make a practical
importance when simulating processes, for example, by
integral methods in devices with three-dimensional
electromagnetic fields. The peculiarities of the
distribution of the non-uniform electromagnetic field on
the surface and in the skin layer of conducting body imply
the study of its influence on the energy and force
characteristics, the distribution of the Poynting vector and
the Maxwell stress tensor.
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OPTIMIZATION AND RELIABILITY OF THE POWER SUPPLY SYSTEMS
OF A COMPRESSOR STATION

As gas pipeline systems become larger and more complex, the importance of optimally operating and planning these facilities has
increased. The capital costs and operating expenses of pipeline systems are so large that even small improvements in the use of the
system can involve large sums of money. Purpose. This article proposes a method to improve the reliability and optimization of
power supply systems for compressor stations. The novelty of the proposed work is the development of a new mathematical model
that allows the choice of the most appropriate maintenance policies in the best way to significantly reduce costs as well as to
optimize useful key performance indicators — failure rate, average time between breakdowns, the average repair time for equipment
in compressor station electrical supply systems. Applying graph theory to represent this mathematical model from the schematic
diagram of the different energy sources with respect to the five compressor stations is adequate. Methods. The problem that arises
for the future operator or operator is, among others, how to balance two main aspects: a technical aspect and an economic aspect.
The proposed methodology introduces a research algorithm to calculate the optimal values of the operating parameters of the power
supply systems of compressor stations by combining technical and economic aspects in order to reduce costs and increase
performance indicators. The proposed algorithm can be implemented in FORTRAN code. Results. The algorithm developed is an
efficient tool for calculating maintenance costs and allows by means of programming to define the most appropriate maintenance
policy. On the other hand, this technique could be used as an essential economic evaluation indicator for other equipment in order to
choose among all the technically possible solutions the one which allow obtaining the best economic result. Practical value. The
proposed algorithm has been examined in this third variant of the supply system with two turbogenerators. The result of the
optimization shows a clear preference for selecting station C for the pipeline as this presents the minimum cost which is the
definition of the algorithm optimizer. Then, it is important to adopt the most recommended maintenance policies and practices in
order to ensure the availability of the power supply systems and to avoid unplanned outages with the resulting loss of production.
References 12, table 2, figures 7.

Key words: power supply system, reliability, optimization, economic aspects, technical aspects, graph theory.

Y mipy mozo sax ecasonposioni cucmemu cmaiome Oedani OinbwumMu mMa CKIGOHIWUMU, 3POCMAE 3HAYEHHS ONMUMATLHO2O
Qyuryionyeanna ma naaHyeamus yux o6 'ekmig. Kanimanvui eumpamu ma excniyamayivxi eumpamu mpyoonpogioHux cucmem
HACMINbKU GENUKI, WO HABIMb He3HAUHI 600CKOHANEHHS ) BUKOPUCTNAHHI CUCIEM MOJICYMb 3any4umu 6eauxi cymu epoweli. Mema. Y
cmammi NPONOHYEMbC MemoO NIOGUWEHHs. HAOIUHOCMI ma OnmuMizayii cucmem eneKmponoOCMAayants KOMAPECOPHUX CMAaHYilL.
Hoeusna 3anpononoganoi pobomu nonseae y pospodyi HOBOI mamemamuyHoi mooeni, aKa 00380 HAUKPAWUM YUHOM GuOpamu
HauOiIbw 8i0ON0GIOHI NOTIMUKY MEXHIYHO20 00CTY208Y6AHHA, WOD 3HAYHO CKOPOMUMU GUIMPAMU, A MAKONIC ONMUMI3YEamu KOPUCHI
K408l NOKAZHUKU eheKmUsHOCmi — piéeHb 6I0MO06, CepeOHill 4ac Midc NOTOMKAMU, CEPEOHIl 4ac PeMOHMY 0ONAOHAHHS 8 CUCEMAX
eeKmponocmayants. Komnpecopnoi cmanyii. 3acmocyseanns meopii epaghie Ona npedcmaenenms yiei mamemamuyHoi mooeni Ha
NPUHYUNOSBITL cxeMi Pi3Hux Odicepen eHepeii wooo n’samu KomnpecopHux cmanyiti € oocmamuiv. Memoou. 3adaua, axa eunuxae y
Maibymmuvb020 abo 0iloyo2o onepamopa, nosAae, cepeo iHWo2o, y Momy, K 30a1anHcy8amu 08a OCHOGHI ACNeKMu: MeXHIYHU acnekm
ma eKOHOMIUHUL acnekm. 3anponoHOBaAHA MemoOONO02is 6600UMb ANCOPUMM OOCTIONCEHHS 0Nl PO3PAXYHKY ONMUMATOHUX 3HAYEHb
pobouuX napamempie cucmem eieKmponOCMaants KOMRPECOPHUX CIMANYILL WIIAXOM NOEOHAHHS MEXHIYHUX MA eKOHOMIYHUX ACNeKmig
3 Memolo 3MeHWeH s sUmpam ma 30inbWeHHs. NOKA3HUKIE egheKmueHocmi. 3anpononoeanuil aneopumm modice Oymu peanizo8anuil y
npoepami na mosi npoepamysants FORTRAN. Pezynomamu. Po3pobnenuil aneopumm € epekmueuum iHCmpymMeHmom 015t PO3PAXYHKY
eumpam Ha mexHiune 00CIY208y68anHs MAa 00360J5A€ 30 OONOMO20I0 NPOSPAMYEAHHS BUSHAYUMYU HATOLILW 6I0NOGIOHY NOJIMUKY
mexHiuHo20 00CY208y8anHA. 3 iHWO020 OOKY, Y10 MEMOOUKY MOJICHA UKOPUCIIOBYBAMIU SIK 8AMHCIUGUL NOKAZHUK eKOHOMIYHOL OYIHKU O
iHWOo20 0bnadHannaA, Wob eubpamu ceped ycix MexHiYHO MONCIUBUX piuleHb me, sIKe 00360JAE OMPUMAMU HAUKPAWULL eKOHOMIYHU
pesynomam. Ipakmuune 3nauenna. 3anpononosanuii areopumm Oye nepesipenuii y mpemvomy 6apianmi CUCeMu HCUBNEHHS 3 080MA
mypbocenepamopamu. Pesynomam onmumizayii noxasye uimky nepesazy wjodo eubopy cmanyii C 015 mpyoonposoody, oCKiibKu ye
npeocmasniae MIHIMAbHY 6apmicmv, KA € GUSHAYEeHHAM onmumizamopa aneopummy. Tooi eadxciuso npuiiHsmu HAUOLbW
PEKOMEHO08aHT NONIMUKYU MA NPAKMUKY MEXHINHO20 00CY208y6anHs, wob 3abe3neuumu 0OCMynHICMb CUCmeM eleKmponoCmayanis
Ma YHUKHYMU He3anJIaH08AHUX GIOKTIIOUEHb I3 HACTIOKOM empam eupobHuymea. bion. 12, tadmn. 2, puc. 7.

Kniouosi cnosa: cucrema eJIeKTPONOCTAYaHHS, HAAIHICTH, oNTHMIi3alisi, eKOHOMIYHi acNeKTH, TeXHIYHi acmeKkTH, Teopis
rpadis.

Introduction. Compressor station (CS) is an integral
and an essential part of a gas pipeline, providing gas
transportation by means of power equipment. It serves as a
control element in the complex of buildings, belonging to the
trunk gas pipeline. The pipeline operation mode is defined
through the compressor station operation parameters.

Power supply system (PSS) is a combination of
sources and systems of conversion, transmission and
electric energy distribution. Power supply system does not
usually include consumers (or electricity receivers).

The following requirements are to be met by power
supply systems:

o reliability and continuity of power supply to
consumers;

e quality of electric energy on consumer input;

o safety of PSS elements maintenance;

¢ unification (modularity, standardization);

e cconomic efficiency (includes such concepts as
energy efficiency and energy conservation);

o ccological compatibility;

e ergonomics [1].

As natural gas pipeline systems have grown larger

and more complex, the importance of optimal operation

© N. Benchouia, M. Saaidia

54 ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 2



and planning of these facilities has increased. The
investment costs and operating expenses of pipeline
networks are so large that even small improvements in
system utilization can involve substantial amounts of
money saving [2].

For electric power supply systems, intended to
provide the work of processing facilities with a
continuous cycle (such systems include compressor
stations of trunk gas pipelines) reliability and
maintainability are considered to be the main properties.
Problems of durability and safety of the system are not
too much crucial. For modern electrical driven, equipped
with powerful synchronous motors, problems of stability
and vitality of the systems and their power supply are
considered to be additional important properties [1].

In a gas transmission network, the overall operating
cost of the system is highly dependent upon the operating
cost of the compressor stations of the network. In fact,
this compressor station’s operating cost is generally
measured by the quantity of the consumed fuel.
According to [3], the operating cost of running the
compressor stations represents between 25 % and 50 % of
the total company’s operating budget.

Recently, the issues of reliability improvement and
configuration optimization of power supply systems of
industrial facilities have been gaining significance [4].
Reliability is all that is required for a product to function
without failure, or with a failure frequency low enough to
be acceptable in its intended use. Its conservation
concerns the Maintainability which takes care of what
must be done so that a product is brought back under
conditions as close as possible to those foreseen at the
beginning of its operation.

Many researchers have presented and described
proposed optimization and reliability methods for power
supply systems of a compressor station. Literature
reviews have been written to summarize the methods and
the achievements. In [5] authors have illustrated the
different influencing factors for the economic success of a
gas compression station. Important criteria include first
cost, operating cost (especially fuel cost), capacity,
availability, life cycle cost, and emissions. Decisions
about the layout of compressor stations such as the
number of units, standby requirements, type of driver and
type of compressors have an impact on cost, fuel
consumption, operational flexibility, emissions, as well as
availability of the station. An overview of important
mathematical optimization and artificial intelligence (AI)
techniques used in power optimization problems.
Applications of hybrid (Al) techniques have also been
discussed in [6]. The statistical data on the failures of the
elements of the electrical power systems for the gas
pumping compressor stations is studied in [7]. The
distribution functions of operating time between failures,
operating time between unplanned repairs, restoration
time are chosen for power supply systems’ elements.
Parameters of Weibull distribution function are
determined. The reliability of power supply system for
gas pumping compressor station is  simulated.
Comparative analysis of the system reliability with hot
and cold reserve is processed. The role of elements and
their parameters for ensuring reliability are determined.

The rational boundaries for increasing reliability for the
most important system elements are determined in [7]. In
[8] authors solve the reliability design problem which is a
very interesting problem often encountered in the energy
industry. It is formulated as a sequence of redundancy
optimization problems (ROP). The resolution of this
problem uses a developing Ant Colony Optimization
(ACO) method. This new algorithm for choosing an
optimal series-parallel power structure configuration is
proposed. It minimizes the total investment cost subject to
availability constraints.

However, many of the algorithms currently used by
the system operators and planners are based on heuristics
and have severe limitations. Therefore, optimization
algorithms used during operations need to be timely in
detecting problems and suggesting corrective actions.

The goal of the paper is the proposal of a tool
allowing to optimize the power supply systems of a real
existing compressor station, taking into account the
technical aspect and the economic aspect on the basis of a
mathematical model which makes it possible to increase
the reliability of the entire operation of the mechanism
and to considerably ensure its availability in order to
minimize the total expenditure of the electrical supply
system of the BISKRA station, Algeria.

Subject of investigations. This paper carries out a
comprehensive study of calculation and optimization of
the power supply systems of compressor stations with the
essential objective of choosing among all the technically
possible solutions those which allows obtaining the best
economic result.

In this article, a new flexible and efficient model and
an optimization algorithm is proposed in order to solve
the problem of reliability, maintainability and availability
of operation in order to minimize the costs of the power
supply systems of natural gas compression stations.

This paper is structured as follows: in Section 2, the
description of the compressor station and the
technological process used in the model formulation are
presented; in Section 3, a development optimization
criterion is introduced; the development of the power
system optimization algorithm is presented in Section 4.
The results showing the graphic presentation of the
calculation and the performance of the proposed
formulation are presented in Section 5. Finally, in Section
6, conclusion on the achieved results is presented.

Presentation of the compressor station. In [9] the
gas pipeline GK1 (40°’) GK2 (42°) is designed to ensure
the connection between the departure terminal of HASSI
R’MEL and the arrival terminal of SKIKDA, as well as
the supply of the SONELGAZ (The Algerian Electricity
production and distribution company) distribution centers
in eastern Algeria.

Construction of the pipeline began in 1968 for it to
be commissioned in its first phase in 1971.

In its first phase, the gas pipeline ensured a flow of
5.7x10° m?/year with no in-line compressor station (free flow).

In its second phase and with increasing energy
requirements, two compressor stations were installed
(stations B and D) to achieve a flow rate of 9.2x10° m*/year.

In its third phase, the gas pipeline is operated with
five in-line compression stations thus ensuring maximum
speed with a flow rate of 12.7x10° m*/year.
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The natural gas pipe between HASSI R’MEL and
SKIKDA has a length of 574.87 km. It is designed to
service at an absolute pressure of 71.05+0.4 bars and a
maximum temperature of 60 °C over its entire length.

The departure terminal controls the inlet pressure of
71.05+0.4 bars absolute of the pipe. The arrival terminal
is able to maintain downstream pressure from 43 to 45
bars absolute. The annual flow from HASSI R’MEL is
12.7x10° m’/year (optimal conditions in summer and
winter). Table 1 details the operating conditions of the
five stations such as compressor suction pressure,
compressor suction temperature, maximum power, etc.

Table 1
Service condition of stations
Station
Condition A B ¢ D E
Compressor (in service + 341 | 341 | 341 | 341 | 341
reserve)
(szs/}g"w permachine 55 931449 96|442.46/439.80(432.30

Compressor suction

pressure (bar) 5049

48.15 | 48.30 | 48.41 | 50.14

Temperature compressor

suction (°C) 38.06

44.86 | 43.94 | 44.60 | 40.93

Compressor cooling point

(bar) 73 73 73 73 73

Compressor discharge
temperature (°C)

Maximum station output

(bar) 71.5

715 | 71.5 | 71.5 | 71.5

Description of the technological process. The
station’s gas compression system begins at the filter inlet
manifold located in the northeast corner of the facility site
(or refers to the north of the facility, not true north).

The gas passes through vertical filters that retain
moisture and filings making the gas suitable for
recompression in the station compressors to the
turbocompressors (TC) suction manifold.

In [9] the «A», «B», «C» and «D» turbocompressors
are individually connected to this manifold. The suction line
of each compressor is 60.96 cm in diameter (see Fig. 1).

The gas is sucked into the compressor or its pressure
is increased to 73 bars absolute. It is discharged into the
discharge manifold through the 60.96 cm discharge line
of each compressor. The discharge manifold directs gas to
a calibrated orifice where the rate of flow is determined.
The gas then passes into the after cooler where its
temperature is reduced to a value not exceeding 60 °C.

From the coolers, the gas passes through the
101.6 cm mainline. The pressure losses in the gas
refrigerants are 1.5 bars absolute; so at the exit of the
station, we will have the extreme values of pressure and
temperature which are 71.5 bars absolute and 60 °C.

For this technological process to be ensured, the
turbocompressors must be in good working order. So the
adopted power supply system plays a key role.

According to statistical calculations, failures of fuel
systems have a direct influence on the reduction of the
operating time of turbochargers (restarting, fuel and oil
losses, etc.). This is why the analysis of adequate feeding
systems for this type of process becomes an absolute
necessity.

Figure 1 shows the technological process of the
compressor station. We find that failures in the power
supply system directly affect the decrease in uptime of
turbocompressors.

REF ASP
¢ Raclure
i station
Cooler Valve by pass

station

E Event

vept Discharge manifold A|Gas filters

A 42 A2 ]

olledtor Appiratipn

Event

2 L
u E P E L skid
Event gaz

Fig. 1. Technological process of a compressor station

Proposed optimization methodology. The
methodology of the proposed study is based on the
calculation and optimization of the power supply systems
of compressor stations on the basis of two main aspects: a
technical aspect and an economic aspect.

Technical aspect. The technical aspect is the ability
of the power supply system to provide the compressor
station with the electrical energy of a required quality
without interruption; which means to reduce the damage
due to accidental failures (interruption in -electrical
energy) by increasing the reliability of the power supply
system while maintaining the economic conditions
surrounding the problem. The process of reliability
evaluation may be done using two major groups of
statistical indicators: A, MTBF (Mean Time Before
Failure) and MTTR (Mean Time To Repair) are the two
main indicators of reliability used industrially [10].

Failure rate A represents the failure rate or the
damage rate. It characterizes the speed of variation of
reliability over time for a given work period, total
duration in active service

A= Total number of failures during service

— M
Total operating time

In practice, the failure rate can be constant, but also
increasing or decreasing over time, with gradual change
and without discontinuity.

The failure rate is the probability that an entity will
lose its ability to perform a function during the interval,
knowing that it has not failed between [0, 7]; we note it:

1
He)= e )

MTRBF is often translated as being the average of
good functioning but represents the average of the times
between two failures (7BF):

MTBF = Z?F , 3)

where N is the number of failures.
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MTTR is average time to repair which expresses the
average time for repair spots. It is calculated by adding
the active times maintenance as well as additional
maintenance times, all divided by the number of
interventions:

> intervention time for NN failures

MTTR = , (4
N (4)

repair rate u is
— )
MTTR

Economic aspect. In the economic study comparing
the different variants of the power supply system, the
factors directly influenced by reliability considerations are
investments (installation expenditure), on one hand, and
maintenance expenses, supervision expenses, expenses
due to loss of electrical power and transformers and
depreciation expenses on the other hand. These expenses
are called operating expenses [11].

Therefore, the solution to be adopted must minimize
the total expenditure on the power supply system in
question, which is given by the following formula:

G =85,Cipst +Cpp+ D > min,, (6)

where P, is the normative coefficient of investment
efficiency; C;, is the installation (capital) expenses for
power system components by line; C,, is the operating
expenses; D is the damage due to accidental power
system failures.

P, depends on the period of depreciation of the
invested capital as follow:

ﬂ:

1
P, —5—0.12, 7
where the period of depreciation as follows:
7,=(8 +10) , year. (8)
Cinst 18 given by the following formula:
Cinstl =1Iy-1, )

where [ is the kilometric price, (DA/km, DA — Algerian
Dinar) and / is the length of line, km.
For transformers:

CinstTR ( 1 0)

where N being the number of transformers to install and
Itz is the price of a processor, DA.
For turbogenerators:

CinstTG ( 11 )

where N is the number of turbogenerators; /7 is the price
of a turbogenerator, DA.
C,, is given by the following formula:

Cop = Closses T dan +Crp » (12)

where Cj 1S the expenditure due to loss of electrical energy
in the line and transformers, can be represented as follows:
Closses = (AWI + AWTR ) CO >

:N'[TR’

:N'[TG,

(13)

where Aw; represents the losses of electrical energy in the line:

2
Aw, =[S"V’a><) ol T 10°,  (14)
n

where S;.x is the maximum apparent power passing
through the line (in MVA) depending on the parameters:
¥, is the electrical power transmission rating, kV; ry is the

specific resistance of the line, Q/km; / is the length of
line, km; 7. is the maximum time of loss of electrical
energy during one year, h/year; Awr is the losses of
electrical energy in the transformer:

Awpg = ARy Ty + APy K} Ty (15)

where 4P, is the active power losses in the magnetic circuit
(not depending on load), kW; Tris the transformer operating
time during one year (7y= 8760 h); 4P, is the active power
losses in windings created by Joule effect, kW; K is the
transformer load factor (K; = 0.7); C, is the cost of one
kilowatt hour of electrical energy, DA/kWh.

Annual depreciation expenses d,, to offset expenses
due to wear and tear of power system components is
given by the following formula:

a(%)

d,_=——=1, 16
an- 100 (16)

where a is the depreciation rate; it varies from one
element to another (for the line a = 2.4 %; for the
transformer a = 6.4 %; for the turbogenerator « = 6.5);
I is the clean investment; C, is the maintenance,
inspection and supervision expenses. These are directly
related to the degree of reliability and safety level
imposed on the power system:
C,~020-d,,. 17)
Damage due to accidental power system failures D:
D=108-Aw,-Cy, (18)
where 1.08 is the reserve coefficient which takes into
account the accidental downtime of less than 0.1 hours;
Aw, is the electrical energy not delivered for one year due
to accidental failure of the power supply system,
kW-h/year.
Aw, = Py -8760-0-¢- B, B, (19)
where P, is the maximum active power (calculated) of
the compressor station, kW; Q is the total probability of

accidental failure of two power system circuits.
Practice has shown that accidental failures follow an

exponential law:
r-(l—e_’l)/8760 , (20)

Q =
where 7 is the total repair time of the power supply system
expressed in hours; 4 is the total failure rate of the power
supply system expressed in 1/year; ¢ is the coefficient of
the carried power limitation in the damage regime:

Py P
g=-M_—a @1
Py
P, =14-§,rpcosp, (22)

where P, is the allowable power of the transformer in the
damage regime (in our study we considered the failure of
two circuits of the power supply system, (P, =0 = &= 1);
B and B, are respectively the filling coefficients of the
monthly and daily load diagrams for a compression
station: §,, = 0.97; B, = 0.94.

Development of power system optimization
algorithm. It is based on the graph theory which consists of
developing a mathematical model based on the layout
diagram of the different power sources compared to the five
compressor stations. Figure 2 illustrates the graphic
presentation of power supply system of compressor stations.
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A Compression Station
|:| Electric Post

. Turbogenerator
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Existing Electric Line

New Electric Line

Fig. 2. Graphic presentation of power supply system
of compressor stations

The power supply system is completely represented
mathematically by a matrix 4 (N, M) which determines
the connection between the compressor stations and the
power sources (existing power line presents in Fig. 3).

This mathematical model allowed us to develop a
calculation flowchart taking into account three essential
conditions:

o substations (power sources) must have a reserve of
electrical energy;

e a compressor station can only be powered from two
power sources;

e the distance between the power source and a
compressor station L must be less than the critical
distance Lz which depends on the nominal voltage of
electric power transmission and power:

L(i,j)< Leg »

L(i»j):\/(Xi_Xj)z+(yi_YJ’)z ;

where (X, ;) is the coordinates of the i" electrical post or
compressor station; (X, y;) is the coordinates of J™ the
electrical post.

(23)
where

24

Optimization criteria:

Ct = Pn'Cinst + C()p + D — min

C, — total expenditure, DA;

P, — normative coefficient, P, = 0.12;
Cine — installation expenses, DA;

C,p, — operating expenses, DA;

Cop = Closse: + dan + CVm

Closses — €xpenses due to losses of electrical energy
in lines and transformers;

d,,, —annual depreciation expenses;

C,, — maintenance expenses, C,, = 0.20-d,,;

D — damage due to accidental failures of PSS, DA.

Power sources
N|l6|7|8]9|—-|-|-|-|M
§ 1{fofryojo0jof{1j0(0,0
ggl2[1]ojo[t]o]lofo]oO0]oO
=5[3]0fo[1]0][1]0]0[0]0
3 4(0/0(o0fl0|O0O][O[1|1]O
5/0/,0(0j0(1]1,0]0]O0
6(-1/]0|0|-1{0| 0 (|-1[0]|0
8 [71o]-1]olo|-1]ololo]o
2 [glolo|1lo]jo]o|1]ofo0
s [ -|-[-[-
Nl =T=]=T1=1=1=1=1]<=
-1 if (4; 4;) € E(G) — points connected by an existing line
A(i, j)= 9 0 if (4, 4) & E(G) — no connections between points
1 if(4; 4)) € E(G) — points connected by a new line

Fig. 3. The developed mathematical model of power supply system of compressor stations (where A(i, j) =—1 is connection between power
sources (existing line); A(i, j) = 0 is no connection; A(i, /) = 1 is connection between power sources and compressor stations (new line)

Figure 4 shows the flow chart of the algorithm for
optimization of n-electric power supply systems of
compression stations. It allows, in its first part, to
calculate the installation and operating expenses by
different variants of the power supply system and in the
second part, it allows us to calculate the damage due to
accidental failures by different variants of the power
supply system. This allows us to choose at the same time
the most optimal variant of the power supply system
which total expenses will be minimal.

Calculation of reliability parameters. The 100 %
confidence in electrical equipment does not exist. So the
concept of reliability only gives us the degree of
confidence in this equipment. It leads to studies of failure
rate (4), repair time (z), time of proper operation, etc.
It becomes the link between the technological aspect and
the economical aspect [11, 12]. For this reason, the
reliability of an electrical power system is the probability

that it will perform its mission satisfactorily and under
specified environmental conditions.

Considering reliability economically as high
availability is expensive. It is certain that the cost price of
the power supply system has to be increased if we want
the failure rate of the system to be reduced.

Figure 5 shows the expenditure curves according to
reliability. This approach attempts to determine the
appropriate sums to invest in reliability is to compare the
costs caused by failures (that is, the costs resulting from
poor reliability) with the costs necessary to provide
greater reliability. It is clear when increasing the
reliability of the power system it means reducing the risk
of its failure (reducing damage).

This power supply system is a set of electrical
equipments belonging to the group of repairable elements.
Therefore; reliability is characterized by the failure rate
(4) and repair time (7).

58

ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 2



Initial Data

j=1

I

YES NO

END

Fig. 4. The proposed and developed optimization algorithm of the power supply system

4 Expenses

Expenses + Damage

Optimal Reliability
Fig. 5. Expenditure curves according to reliability [11]

Then the proper functioning of the power supply
system results from the proper functioning of the various

Ag Ty

H b Ag Ty
@ @ Eg(Az+A4).7yT5
lﬁgﬁ:ﬁ AysTy
> | ATy 5.7
@ )’{7 ,1:?‘ Aagrg
1

elements that compose it. In other words, the overall
reliability requirement is reflected in the form of specific
reliability requirements for each element.

These elements can be mounted in only two
methods: in series or in parallel (or mixed). Three variants
of the power supply system were considered for
compressor stations:

a) from two electric lines;

b)from a single electric line and a turbogenerator
(stand-alone power plant);

¢) from two turbogenerators.

Our case study is based on this third variant of the
supply system, i.e. from two turbogenerators.

Figure 6 shows the calculation of the reliability
parameters 4, T of the power supply system of compressor
stations from two turbogenerators.

Ay Ay Ags %
Ao 2y, —_—

—

A"L Ay
@ @55%;&_._. 2 Aeﬁh
N i L
jjlzﬁah_ﬁ T

C T4

Fig. 6. Calculation of the reliability parameters 4, 7 of the power supply system of compressor stations for the three variants
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First variant of the power supply system — from
two power lines.
First transformation.

Mo =hdg (o) = Ao (25)
T T

1y ="12 =1, (26)
‘L'] "L'2

where A; and 4, are the failure rates of post 1 and post 2
respectively; 7; and 7, are the repair times of post 1 and
post 2 respectively;

/13]5 =/13 +}~5 +/17 =}~11; (27)
A6 =ty +he g =12 (28)
M Ty+AsT5+7 T
T35 = 343 55 707 . (29)
I3 +A5+ 4y
A Tyg+Ac T +Ag-T
T4 = 4 "4 ) 8 "8 (30)

/14 + /16 + /18
where A; and Ag are the failure rates of the circuit breaker
0.4 kV; /5 and A, are the failure rates of lines L; and L,;
As and ¢ are the failure rates of transformers 1 and 2;
73 and 74 are the repair times of lines L; and L,; 75 and
76 are the repair times of transformers 1 and 2.

Second transformation.

heq =t Koz +24) =133 (1)
Cdp i+ Kol + ) Ty

oqn = =713 (32)

N Mo+ Ko (2 +24)
heqy =43,5%4,6(73,5 +Ta,6) =14 5 (33)
735-74,6
7 ——— =T34, 34
eq, T35+746 14 (34)

where K, is the coefficient of the climatic conditions
influence; Ky(/3+44) is the failure rate of the lines L; and
L, simultaneously; 7, is the repair time of the two lines
To = T3 = T4.

Third transformation.

M5 =M3+ M4 (35)

_ A3zt Aa-Tig
A3+ Ag

Finally, the expression of the probability of failure
of the power supply system from two electric lines can be
represented as follows:

erls-(l—e_/l15)/8760,

Second variant of the power supply system —
from a single electric line and a turbogenerator.
First transformation.

715 (36)

(37

17:/114-}.24-}.34-}.4; /182/154-}.6 (38)

77:ﬂl'fl+ﬂz'72+i3'73+ﬂ4'f4; (39)
ﬂ“l+/12 +/,L3 +ﬂ4

225'2'5"1‘&6'76’ (40)

15 + /16

where 1; — A4 are the failure rate of the electrical post,
overhead line, transformer and the circuit breaker 0.4 kV
respectively; 7; — 74 are the failure rate of the turbogenerator
and the circuit breaker 0.4 kV respectively; As and Aq are the
failure rate of turbogenerator and the circuit breaker 0.4 kV
respectively; 75 and 7, are the repair times of the
turbogenerator and the circuit breaker 0.4 kV respectively.

Second transformation.
T7 178
77 + 18

(41)

by =g dg(ty +1g) 79 =

The expression of the probability of failure of the
power supply system is:

0=19-(1-¢9)/8760. (42)
Third variant of the power supply system — from

two turbogenerators.
First transformation.

ls=M+hy; Ag=l3+14, 43)
. :/11"[14-/12'1'2_ :}~3'T3+A4'T4 (44)
> /11+/,{2 ’ /13+}~4 ’

where 4, 43 and 4,, A4 are the failure rate turbogenerator
and the circuit breaker 0.4 kV respectively; 7, 7; and 15, 74
are the repair times of the turbogenerator and the circuit
breaker 0.4 kV respectively.

Second transformation.

T5 " Tg
‘L'5+‘L'6 '

Jq =05 Jg(vs + 16} Ty = (45)

The expression of the probability of failure of the
power supply system is:

0=1, (1 oM ]/8760 . (46)

The general formula of damage caused by accidental

power system failures for all three variants is:
D=1.08-Fy -8760-0Q-¢- B, -, Co,DA.  (47)

The Table 2 illustrates the reliability parameters of
electrical equipment for different voltages.

Table 2
Reliability parameters of electrical equipment for different
voltages
Electrical Failure rate 1, | MTBF, |Repair time| MTTR,
equipment 1/year h T, h h
Airline (100 km)
30kV 22 0.454 5.6 0.178
60 kV 2.0 0.5 5.6 0.178
220 kV 1.4 0.714 6.5 0.153
Circuit breaker

(6-10) kV 0.005 200 10 0.1
30kV 0.005 200 10 0.1
60 kV 0.005 200 10 0.1
220 kV 0.02 50 24 0.041

Transformer

(6-10)kV 0.023 43.478 70 0.014
30kV 0.018 5.555 90 0.011
60 kV 0.02 50 100 0.01
220 kV 0.02 50 100 0.01

Turbogenerator

0.4 kv 5.80 0.172 70 0.014

Graphical presentation of the calculation. The
operating procedure for the calculation of the optimization
algorithm of the power supply systems of the five
compressor stations has wide limits by combining the
different variants of the power supply system that may exist.

In our case, as an explanation, we are limited to three
variants of the electrical supply system for two compression
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stations, knowing that each compression station has two
independent power stations (turbogenerators).

Figure 7 clearly, shows the graphic presentation of
the calculation of the three variants of the electrical
supply system for two compression stations.

Fig. 7.Graphic presentation of the calculation

First variant. By keeping the local power supply
system from two autonomous power plants of each
compressor station, the calculation gave us the total
expenses C;.

Second variant. By replacing a stand-alone power
plant with a electric line, that is to say, power is supplied
from a substation and a stand-alone power plant, the total
expenditure which was found to be C, is lower than the
total expenditure C; (C; > Cp).

Third variant. The power supply to a compressor
station is provided by two independent electric lines,
which allowed us to obtain the total expenses as Cj; below
the total expenses C, (C,; > Cp > Cp), the variant of the
most optimal power supply system with the minimum
total expenditure (C, — min).

Calculation procedure on the computer.

Initial data.

A. Expenditure calculation.

1. see if A(, j) =1

2. calculation of L(i, j)

3.see if L(i,)) < L,

4. calculation of installation and operating

expenditure for L(i, j) (post j — CS;)

5.1f L(i,j) =0

6. calculation of operating and installation expenses

for turbogenerators (74, — CSj).

7.1f A, j) =-1

8. calculation of operating expenditure for the

existing line (post i — post j)

) n m
9. calculation: Cp(i,j)z Zl Zl Cp(i,j). (48)
i=lj=
B. Damage calculation.
JfAG ) =1
.seeif K=2
. calculation of damages for the two-line PSS.
.seeif K=1
. calculation of damage for the single-line PSS and
a turbogenerator.
6.seeif K=0
7. calculation of the damage for the PSS with two
turbogenerators

DR W=

5
8. calculation: D(i)z ZD(i), (49)
i=1
9. sum total expenditure:
n om 5
D(i,j)= ¥ ¥ Cpli,j)+ £Di), (50)
i=lj=1 i=l

10. calculation of total expenditure for each variant
according to the matrix (mathematical model of PSS
chosen for the five (5) CS).

11. take the most optimal variant,
expenditure of which will be minimal.

Conclusion.

This paper proposed a recent optimization technique
based on the proposal of an algorithm combining two
technical and economic aspects to help the operator to
minimize the failures of the power supply systems
directly influencing the reduction of the uptime of the
turbocompressors (restart fuel and oil losses, etc.). In this
study, we calculated the reliability parameters of three
variants of the power supply system that were considered
for compressor stations, from two electric lines, a single
electric line, and a turbogenerator. Then, we calculated
the damage. A graphical presentation by graph theory of
this developed model is adequate.

From the calculation results, it can be concluded that
currently taking into account the economic criterion and
the initial data retained, the supply of electrical energy to
the gas compression station «C» located at CHAIBA, is
carried out from two autonomous sources, but from the
point of view of reliability (technical criteria) or clearly
sees that the power supply of the above-mentioned
station, from two independent external lines is imposed.

From the results of the research, it can be said that the
presented algorithm, developed in the FORTRAN
programming language, greatly facilitates the calculation of
the damage to the power system of any compressor station.

In the future, with the construction of new
distribution stations near the gas compressor stations and
the actual data, it can be seen that the variant of the
supply system from two independent external lines is the
most optimal. This allowed us to calculate the preventive
power supply of two independent substations and impose
the appropriate maintenance policies.
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Appendix 1 — Proposed program in FORTRAN code
! PSS SC Program
Dimension X(9),Y(9),W(11),V(11),pril(11,9),uam(11,9),
+upe(11,9),uen(11,9),d1(11,9),d(2),prixg(11,9),td30(9),
+ta030(9),td130(11,9),tdc30(11,9),taoc30(11,9),t30(2),
+s30(2),e30(2),d30(2),X30(2),h30(2),C30(2),
+prob(2)
Integer a(11,9)
Real 1(11,9),lcrl
Data td30/0.,0., 0.,0., 0.5,0.5, 0.5,0.5,0.5/
+ta030/0.,0., 0.,0., 0.02,0.02,0. 02,0.02,0.02/
Data X/55.,55.,89.,89.,32.5,115.,118.,27.5,62.5/
+Y/62.5,62.5,97.5,97.5,82.5,82.,107.,161.5,152./
Data W/55.,89.,55.,55.,89.,89.,32.5,115.,118.,97.5,62.5/,
+V/62.5,97.5,62.5,62.5,97.5,97.5,82.5,82.,107.,161.5,152/
Data Pril1/20./,Pritr1/100./,Alp1/0.02/,ALP2/0.06/,
+ALP3/0.07/,prig/3500./,:01/0.77/,R02/0.64/,taom/5948./,
+delp/3.1/,delpc/18./,ch/0.7/,betm/0.97/,betq/0.94/,
+tdtr1/0.02/,tddis/0.002/,tdg/5.8/,taol1/5.6/,

+taodis/1.75/,taog/70./,pm/2214.24/ epsi/1./,ul/30./,
+s/1232.5/,u2/60./,c0/0.00055/,taotr1/90./,td11/2.2/
Data a/1,0,-1,0,0,0,0,0,0,0,0,0,0,0,-1,0,0,0,0,0,0,0,0,0,
+0,0,-1,0,0,0,0,0,0,0,0,0,0,0,-1,0,0,0,0,0,1,0,0,0,0,
+0,-1,0,0,0,0,0,-1,0,0,0,0,0,-1,0,0,0,0,0,0,0,0,0,0,-1,
+-1,0,0,0,0,0,0,0,0,0,0,0,-1,-1,0,1,0,0,0,0,0,0,0,0,
+-1/

Data lcr1/50./

Open (unit=15,file="bou.d',status="unknown')
J=1

6 do4i=1,2

If(a(i,j).eq.0) goto 4

1(1,) = sqre((x(5)-w(D))**2+(y(j)-v(i)) **2)
if(1(i,j).eq.0.) goto 15

if(1(i,j).gt.lcrl) goto 4

pril(i,j)=pril 1 *1(i,j)+(pritr1)
uvam(i,j)=(alp1*(pril1*1(i,j))+(alp2*pritrl))
uen(1,j)=0.2*uam(1,j)
upe(Lj)=(((s**2/ul**2)*r01*1(Lj)*taom)+
+((delp*8760)+(delpc*ch**2*taom)))*c0
d1(L,j)=0.12*pril(L;j)+uam(L;j)+uen(L;j)+tupe(L,j)
write(15,12)i,j,d1(Lj)

goto 4

15 prixg(L,j)=prig

Uam(1,j) = alp3*prixg(Lj)
Uen(L,j)=0.2*uam(I,j)
d1(1,j)=0.12*prixg(Lj)+uam(Lj)+uen(L,j)
write(15,12)1,j,d1(Lj)

12 format(3x,»d1(«,i2,»,»,12,»)= «,e11.4)

4 continue

J=+1

If(j.le.9)goto 6

J=1

3 do7i=3,11

If(a(l,j).eq.0) goto 7
L(Lj)=sqrt((x()-w(D)**2+(y())-v(D))**2)
DI1(ILI)=((s**2/60**2)*r02*1(L,j)*taom)*c0
Write(15,12)Lj,d1(1,j)

13 format(3X,»d1(«,i2,»,»,12»,)=«el1.4)

7 continue

J=j+1

If (j.Ie.9) goto 3

I=1

80 k=0

Do 10j=1,9

If(a(1,j).ne.1) goto 10

K=k+1

If(L(1,j).ne.0) goto 10

K=K-1

10 continue

If(k.eq.2.) goto 14

If(k.eq.1) goto 16

If(k.eq.0) goto 18

14 do20j=1,9

If(a(1,j).ne.1) goto 20

If(1(L,j).gt.lcr1) goto 20

If(1(L,j).eq.0) goto 20

td130(Lj)=td11*1(L,;j)/100
tde30(L,j)=td130(1,j)+tdtr1+tddis
taoc30(Lj)=((td130(1,j)*taoll)+(tdtr1 *taotr1 )+
+(tddis*taodis))/tdc30(1,J)

20 continue

T30(1)=0

S30(i)=0

E30(i)=1

D30(3i)=1

X30(i)=1

H30(3i)=1

C30(i)=0

62 ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 2



Do 30J=1,9 Td8=tdg+tddis

If(a(1,j).ne.1) goto 30 Tao8=((tdg*taog)+(tddis*taodis))/td8

If (1(1,j).gt.Ier1) goto 30 Td9=(tdc30(L,j)*td8)*(taoc30(L,j)+tao8)/8760
If (1(1,j)-eq.0) goto 30 Tao9=taoc30(L,j)*tao8/(taoc30(1,j)+tao8)
t30(1)=t30(i)+tdI130(L,;) 107 continue

€30(1)=e30(i)*td30(j) Prob(i)=(tao9*(1-exp(-td9)))/8760
$30(1)=s30(i)+tao30(j) D(1)=1.08*pm*8760*prob(i)*epsi*betm*betq*cO
d30(i)=d30(i)*tao30(j) Write(15,26)1,d(i)
¢30(i)=c30(i)+taoc30(1,j) Goto 100

h30(i)=h30(i)*taoc30(L,;) 18 td5=tdg+tddis
x30(1)=x30(i)*tdc30(1,j) Tao5=(tdg*taog+tddis*taddis)/td5

30 continue Td7=(td5**2)*(tao5+ta05)/8760

Td9 =e30(i)*s30(i)/8760 Tao7=tao5/2

Td34=0.2*t30(i) Prob(i)=(tao7*(1-exp(-td7)))/8760
Td12=td9+td34 D(1)=1.08*pm*8760*prob(i)*epsi*betm*betq*cO
Ta09=d30(i)/s30(i) Write(15,26) Ld(i)
Tao12=((td9*tao9)+(td34*tao34))/td12 100 i=i+1

Td13=x30(i)*c30(i)/8760 If(i.le.2) goto 80

Tao13=h30(i)/c30(i) Close (unit =15)

Td14=td12+td13 Stop
Taol4=((td12*tao12)+(td13*tao13))/td14 End
Prob(i)=(tao14*(1-exp(-td14)))/8760 Result
D(i)=1.08*pm*8760*prob(i)*epsi*betm*betq*cO di(1, 1)= 0.7140E+03

Write(15,26) 1,d(i) di( 1, 5= 0.1281E+06

26 format(3x',d(,il,")=,el1.4) d1(2, 6)= 0.1288E+06

Goto 100 d1( 3, 1)= 0.0000E+00

16 do 60j=1,9 di(4,2)= 0.0000E+00

If(a(1,j).ne.1) goto 60 d1( 5, 3= 0.0000E+00

If(1(L,j).gt.lcr1) goto 60 di( 6,4)= 0.0000E+00

If(1(L,j).eq.0) goto 60 d1(7,5)= 0.0000E+00
Td130(L,j)=td11*1(L,;)/100 d1( 8, 6)= 0.0000E+00
Tdc30(L,j)=td130(1,j)+td30(j)+tdtr1+tddis d1(8, 7)= 0.2224E+05
Taoc30(1,j)=((td130(1,j) *taol 1 )+(td30(j) *tao30(j))+ d1(9, 7)= 0.0000E+00

+ (tdr1*taotr1)+(tddis*taodis))/tdc30(L,)) d1(10, 8)= 0.6184E+05

60 continue d1(11, 8)= 0.3204E+05

Do 107 j=1,9 di(11, 9= 0.0000E+00

If(a(l,j).ne.1) goto 107 ,d(1)=0.2011E+00

If(1(L,j).gt.lcr1) goto 107 ,d(2)=0.2011E+00

If(1(1,j).eq.0) goto 107
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DYNAMIC ECONOMIC EMISSION DISPATCH USING WHALE OPTIMIZATION
ALGORITHM FOR MULTI-OBJECTIVE FUNCTION

Introduction. Dynamic Economic Emission Dispatch is the extended version of the traditional economic emission dispatch problem
in which ramp rate is taken into account for the limit of generators in a power network. Purpose. Dynamic Economic Emission
Dispatch considered the treats of economy and emissions as competitive targets for optimal dispatch problems, and to reach a
solution it requires some conflict resolution. Novelty. The decision-making method to solve the Dynamic Economic Emission
Dispatch problem has a goal for each objective function, for this purpose, the multi-objective problem is transformed into single goal
optimization by using the weighted sum method and then control/solve by Whale Optimization Algorithm. Methodology. This paper
presents a newly developed metaheuristic technique based on Whale Optimization Algorithm to solve the Dynamic Economic
Emission Dispatch problem. The main inspiration for this optimization technique is the fact that metaheuristic algorithms are
becoming popular day by day because of their simplicity, no gradient information requirement, easily bypass local optima, and can
be used for a variety of other problems. This algorithm includes all possible factors that will yield the minimum cost and emissions of
a Dynamic Economic Emission Dispatch problem for the efficient operation of generators in a power network. The proposed
approach performs well to perform in diverse problem and converge the solution to near best optimal solution. Results. The
proposed strategy is validated by simulating on MATLAB® for 5 IEEE standard test system. Numerical results show the capabilities
of the proposed algorithm to establish an optimal solution of the Dynamic Economic Emission Dispatch problem in a several runs.
The proposed algorithm shows good performance over the recently proposed algorithms such as Multi-Objective Neural Network
trained with Differential Evolution, Particle swarm optimization, evolutionary programming, simulated annealing, Pattern search,
multi-objective differential evolution, and multi-objective hybrid differential evolution with simulated annealing technique.
References 17, tables 3, figures 5.

Key words: whale optimization algorithm, dynamic economic emission dispatch, ramp rate, multi-objective problem,
economic emission.

Bcemyn. Jlunamiuna exonomua oucnemuepusayis 6UKUOie — ye posuupena eepcis mpaouyitnol 3a0ayi eKoHOMHOT oucnemuepusayii
6UKUOIB, 6 AKIU 8PAXOBYEMbCA Koepiyienm HapowjyeanHs Oas medici eenepamopis 6 enepeomepedci. Ilpusnavenns. Juunamiuna
EeKOHOMHA  Oucnemyepu3ayis GUKUOI8 po32iA0ana NUMAHHA eKOHOMII ma GUKUOI8 K KOHKYPEHMHI yini 01 ONMUMAIbHUX 3a0ay
Jucnemuepusayii, i 015 po36 ‘A3anHA 3a0aui nompibne neene eupiwenns kKougnikmis. Hoeusna. Memoo npuiinamms piwens 015
PO36 S13aHHA 3a0ayi OUHAMIYHOI eKOHOMHOI Oucnemuepu3ayii GuKuOi6 Maec Memy Oas KOJNCHOI yinbosol QyuKyii, 01 ybo2o
bazamoyinbosa 3a0aya MpaHcHOPMyEmvcsi 6 ONMUMI3AYII0 OOHICE Yini 3a OONOMO20I0 Memody 36adCeHOl cymu, a NOmim
KOHMPONIOEMbCS/PO36 SA3VEMbCSL 34 00NOMO20I0 aneopummy onmumizayii kumie. Memoodonozin. Y yiii pobomi npeocmaenena
Hewo0asro po3pobiena Memaespucmuina Memooukd, 3aCHO8AHA HA ANOPUMMI ORNMUMI3ayii Kumie 01 po38 A3aHHA 3a0ayi
OUHAMIYHOT eKOHOMHOI Ouchemyepuzayii euxudie. OCHOBHUM HAMXHEHHAM O yiei Memoouxku onmumizayii € moil gaxm, wo
MemaespUCmuyHi aneopummu cmaronms RONYIAPHUMU 3 KOICHUM OHeM 380K C8OIll npocmonti, 8i0cymHocmi gumoe 00 ingopmayii
npo epadieum, ne2skocmi 00x00y JNOKATbHUX ONMUMYMIE Ma MONICIUBOCMI OYMU GUKOPUCMAHUMU OAs pAdy [Hwux 3adau. Llei
aneopumm eKIIOUAE 8 cebe 6Ci MOJICIUGI (hakmopu, sKi 3abe3neuams MIHIMAbHI 6aPMICMb MA SUKUOU 3A0a4T OUHAMIYHOT eKOHOMHOT
Jucnemuepusayii 6ukudie 0 eghekmueroi pobomu 2enepamopie 6 emepeomepedici. 3anpononosanuti nioxio dobpe npayre 0as
PO36 A3aHHA 3a0ay | HAOIUdICEHHs pillenHsa 00 HauKpaujoeo onmumanshozo. Pesynemamu. 3anpononosana cmpameczis nepesipena
winsxom modemosanun na MATLAB® ona 5 cmandapmuux mecmosux cucmem IEEE. Yucenvui pesynomamu O0emMoHcmpyionts
MOJCIUBOCII  3aNPONOHOBAHO20  ANCOPUMMY Ol 6CIMAHOGACHHS ONMUMAILHO20 —pilleHHA 3a0aui OUHAMIYHOI eKOHOMHOT
Ooucnemyepusayii 6ukuoie 3a KilbKa Npo2OHIe. 3anponoHO8aHUll An2OpuUmm OeMOHCMPYE XOPOouiy e@ekmuHicmb NOPIGHAHO 3
Hewo00agHo 3aNPONOHOBAHUMU  ANOPUMMAMY, MAKUMU K OA2amoyitb08a HeUpPOHHA Mepedicd, HABYEeHA 3 BUKOPUCHAHHAM
Jupepenyianvroi esomioyii, onmumizayis. poio YacMuUHOK, e8omoyitine NPOSPAMySanHs, imimayitinuil 6ionan, NOuwlyK 3a wabioHoM,
bacamoyinbosa Jughepenyianvha egomoyia ma bazamoyinboga 2ibpuoxa OugepenyianrvHa egomoyis 3 IMIMAYiUHUM Memooom
gionany. bion. 17, Tabn. 3, puc. 5.

Knouosi cnosa: anropurm ontumizamii KUTiB, JTUHAMiYHA €KOHOMHA AUCHETYepU3alisi BUKUAIB, IBHIKICTH HAPOCTAHHS,
fdaraTomiJiboBa 3a7a4a, EKOHOMHA eMicis.

1. Introduction. Power plants based on fossil fuel
emit health hazardous gases into the surrounding
environment. Air pollution due to these gases can not only
affect human life but can compromise the animals and
birds life. It also damages visibility, material quality, and
causing global warming [1]. With increasing
environmental concern, consumer demands high quality
power with safe electricity, at lowest possible rates and
with lowest possible pollution. Dynamic Economic
Emission Dispatch (DEED) provide a solution to these
problem by scheduling the renewable and backup power
sources based on the forecast load demand to reduce cost
and emission of the operating generator [2, 3].

DEED is dynamic in nature due to non-linear nature
of power system and its loads. This non-linear or dynamic

problem is normally solved by discretizing the whole
dispatch time interval into smaller time interval in which
the load is serve as constant and in steady state. To
control and achieve the lowest cost and emission ratio, the
individual time interval must be dispatched so that to
minimize the cost and emission at that time subjected to
static constraint with additional time limit known as
dynamic constraint. DEED is serve as an accurate method
to solve economic dispatch (ED) problem but at same
time it is the most difficult method due to lengthy
measurements [4].

Nowadays, meta-heuristic optimization algorithms
are gaining popularity in engineering and technology field
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due to its simplicity and easy to implement concept. No
gradient information is required for their implementation.
Not only can they circumvent regional optimizations, but
they can also be applied to numerous fields [5].

In recent years, probabilistic search algorithms e.g.
genetic algorithms (GA), simulated annealing (SA), and
evolutionary programming (EP) are efficiently utilized to
solve power network optimization issues. These methods
aren’t based on Ist and 2nd differences in the objective
function of optimized problem [6, 7].

1. Literature review. In [8] solved the multi-
purpose economic emission dispatch problem using a new
technique called Dance Bee Colony with dynamic step
size taking into account the valve point effect. The
proposed algorithm was applied to the 6 unit and 40 unit
systems, respectively. He observed that the proposed
method could also solve the combined economic emission
dispatch problem. In [9] studied DEED, which contains
uncertainties in the development process. In addition to
the classic dynamic economic emissions dispatch factor,
reliability and efficiency constraints have been
specifically considered to contain the disturbances of
uncertainty. As a result, a fine and reserve emission
function has been added to the multipurpose function as
well as a fine and reserve cost function. To obtain
quantitative results, we discussed the characterization of
various sources of uncertainty based on statistical theory,
and this optimization problem was solved numerically by
an improved particle cluster optimization algorithm. In
[10] announced the multi-elite guided hybrid differential
evolution using a simulated annealing technique for
dynamic economic emission dispatch (MOHDE-SAT).
This incorporates orthogonal initialization methods into
differential evolution, expanding population diversity
early in the population.

In addition, we can use modified mutation operators
and archive preservation mechanisms to control the rate
of convergence, and adaptively monitor population
diversity as evolution progresses using simulated
annealing techniques and entropy diversity methods to
adequately avoid early convergence problems.

Applied to 5 and 10 unit systems. In [11] versatile
DEED using the PSO variant was announced. Tested PSO
variants include standard PSO (SPSO), worst-case
avoidance PSO (PSO AWL), and progressively increasing
directional neighbors (PSO GIDNSs). Researchers tested
the performance of various variants of PSO AWL against
variants of SPSO for DEED problems and concluded that
PSO AWL outperformed SPSO for all implemented
topologies.

Applied to 10 units. In 2018 a new multipurpose
neural network trained with MONNDE (Differential
Evolution) was presented in [12]. The MONNDE
framework applies to the problem of Dynamic Economic
Emission Dispatch (DEED) and is equally optimal
compared to other state-of-the-art algorithms in terms of
24-hour cost and emissions. Researchers also compared
the performance of fully connected and partially
connected networks and found that dynamically
optimizing the topology of a neural network performed
better in an online learning environment than simply
optimizing the network weights.

It is clear from the literature that the problem of
economic emission dispatch is solved with many
classical, meta-heuristic and hybrid techniques.

Another newly developed technique called Whale
Optimization Algorithm (WOA) is proposed. This method
has not yet been implemented in the DEED problem, but
it could be a very attractive idea to use this algorithm for
the DEED problem. Our focus is on applying WOA to
standard test systems.

This paper develops efficient and reliable
evolutionary programming based on WOA to solve the
DEED problem. Here the objective functions, namely cost
and emissions, are modeled. The proposed strategy is
validated by simulating MATLAB® against 5 IEEE
standard test system. Numerical results for a sample test
system are presented to demonstrate the capabilities of the
proposed approach to create a well-distributed Pareto
optimal solution of the dynamic economic emission
dispatch problem in a single run. The proposed algorithm
is also compare with the recently proposed algorithms
such as Multi-Objective Neural Network trained with
Differential Evolution (MONNDE), particle swarm
optimization (PSO), evolutionary programming (EP),
simulated annealing (SA), Pattern search (PS), multi-
objective differential evolution (MODE), and multi-
objective hybrid differential evolution with simulated
annealing technique (MOHDE-SAT).

2. Problem formulation. The DEED problem is
flexible mathematical programming problem that consists
of goals and constraints to achieve lowest cost and
emission at a time. To achieve the above goal, the system
equality and inequality constraints should be met. Steps
involving in DEED problem are given below.

2.1. Objectives function of DEED problem.
Objectives function of DEED problem consists of fuel
cost and emission functions.

2.1.1 Economy. The cost function F; shows the
hourly cost of power generators and is given as:

N N
F=> > FPR), (1)
i=1 m=1
where N refers to power generators numbers.
Equation (2) shows the cost hourly non-convex cost
function of power generators:

F(R)=a;+b;F+cP +

e -sin(f,- (Pmin,[- +P, )l,
where m is the present hour; a;, b, ¢, e; and f; are all
constant factors related with each generator i; Py, is the
minimum power output of a generator i at m time and Py,
is the minimum power of a generator.

2.1.2 Emission. The emission function F, that
determine the total hazardous pollutant produce due to
operation of all generators per hours as shown in equation:

N N
F=) > E(R), (3)
i=l m=1
where the emission function £ determines the amount of
injurious pollutants produce by power generators for 24 hours.
Equation (4) shows the harmful pollutants of non-
convex function

2

+
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E(R)=a;+ Bk +y,P* + 5 exp(LF), “)
where «;, £, 7, 6 and A, are the emission constant factors
related with each generator i.

2.2 Constraints. DEED constraint consists of
equality and inequality constraints.

2.2.1 Balance Constraints. All solution is substance
to real power equality constraint. Balance constraint is
define as the total output power must be equal to
summation of actual power demand and losses due to
transmission lines as shown in equations (5) and (6)

N
Zpizpom"'lev %)
i=1

n n n
P =D BB jP;+> BigF+By, (6)
i=1 j=1 i=l
where B;;, By and By, are the loss coefficients of
generators.
2.2.2 Inequality constraints.
2.2.2.1 Operating limit for each power generator.
It determines the possible upper and lower power output
of each generator in a network. The operating limits for
each generator are defined as:

P[min <P <Pl_max’ (7)

m —

where B and P™" are the maximum and minimum

power output of each generator respectively.

2.2.2.2 Ramp rate limits of generating unit. The
ramp limits of any generator determine the increase or
decrease of maximum allowed output power between
specific two limit steps. It can be define by follow
equations:

Py =Bty SUR; , (8)

1

Fiom-1) = Pom < DR;, 9

m —

where UR; is the up ramp limit of a generator while DR,
are down ramp limit for a generator.

3. Principle of Whale Optimization Algorithm.
WOA is inspire from the humpback whale hunting, which
is also called bubble net feeding. This algorithm
emphasizes the method of intelligent hunting mechanism
of that particular whale. They hunt in a groups (size up to
12 whales), while the group leader is finding the group of
fish to hunt [13]. Figure 1 shows the Bubble-net feeding
behavior of humpback whales to hunt small fishes.

Upward spiral

Herd of small fishes or Krills
{Prey)

\ o ,—__.

Humphack Whale & i
(Predator) >, \‘

hubhles net

e

Fig. 1. Bubble-net feeding behavior of humpback whales [14]

The group of humpback whale goes under water and
start to blow bubble while leader whale create larger size
bubble in shape of «9». The fishes trapped in 9 shape trap
due to its irregular swimming. Now the group of whale
comes out with their mouths open and start hunting the
trapped fishes inside the spiral bubbles. This technique of
feeding is the unique behavior of this particular whale. In
this research work, the bubble feed mechanism is modeled
and implemented for solving the DEED problem.

The WOA approach starts with a function containing
set of random solutions. The search agent update its
position or location at each iteration based on randomly
selected searches or best solution obtained. An «a»
parameter is used in this method, whose value is normally
reduced from 2 into O to achieve exploration and its
utilization. Their value is adjusted every time to achieve
best possible solution, finally the WOA is terminated
when the solution meet the desire criteria.

4. Proposed whale optimization algorithm. The
WOA is based on humpback whale hunting technology.
Whales are mostly considered predators. Their favorite
prey is hunting small group of fishes. The best thing about
the humpback whale is their method of preying.

WOA algorithm involves steps such as encircling
prey, bubble net feeding method, exploration phase and
finally its implementation.

4.1 Encircling prey. Humpback whales can identify
the position if prey and encircle them. Usually the
location of optimal design is known, so the WOA
algorithm that the current position is the best solution of
targeted prey. After that starts to search for other best
solution. If new best solution fined then the previous one
updated with new best search agent. The encircling prey
process can be expressed by equations:

EF(Z)_}@ ,

_—

D= (10)

X(e+1)=X"()- 4D, (11)

where the term ¢ shows the up-to-date iteration; 4 and C

—_

are constant vectors, X * s the position vector of the best

solution obtained up-to-dated; X is the location vector.

It is important that X * should be updated in each
iteration if there is a better solution.

The vectors 4 and C are considered as shown in
equations:

A=2a-r,

C=2r,

(12)
(13)

where vector a is linearly decreased from 2 to 0 in
individual iterations (both in exploration and exploitation

phases) and r is a random vector in [0, 1].
4.2 Exploitation phase. It is also called Bubble-net
attacking method. This step consists of two processes.
4.2.1 Shrinking encircling mechanism. Shrinking
encircling mechanism is accomplished by reducing the

value of operator a. This behavior is achieved by

decreasing the value of a. Due to this A4 will also
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decreased in fact. 4 is an interval [-a,a] having

random value between +a . The new location of search
agent is selected between reference location of agent and
location of present best agent.

4.2.2 Spiral updating position. The spiral position
is lie between the whale position and its prey that causes
the helix shaped movement of whale as shown in follow
equation:

X(t+1)=D e cos(2at)+ X (1),

X" (t)— 3’((1* and indicates the distance of the

(14)

where D'=

i-th whale to the prey (best solution obtained so far); b is a
constant for defining the shape of the logarithmic spiral;
[ is a random number in [-1, 1].

Humpback whales swim around the prey within a
shrinking circle and along a spiral-shaped path
simultaneously. The mathematical model spiral behavior

has a probability of 50 % because the value of operator a
decide whether the movement will be circular or spiral.
Follow equations shown this spiral behavior:

X(t+1)=X"(t)-4D if P<05, (15)

X(t+1)=D'e" cos(2r)+ X"(f) if P>0.5, (16)
where P is a random number in [0, 1].

In addition to the bubble-net method, the humpback
whales search for prey randomly.

4.3 Search for prey (exploration phase). This is an
exploration phase where humpback whales randomly

search for each other position. So, 4 having random
value of greater or less than 1 forces the search agent to
move far from reference position of reference whale. The
exploration phase in this case can be calculated by follow
equations:

X(t+1)= X rand — AD . (18)

In the exploration phase according to a randomly
chosen search agent instead of the best search agent found
so far.

4.4 Implementation of WOA. The implementation
of WOA is represented through flow chart in Fig. 2.

Caleulate the fitness of individual agent to initially
obtain best search agent

Updating location of present search
agent by Equ, 17 And Equ. I8

elseif

P=0.5

Y

Updaring location of present search
agent by Equ, 15 And Equ. 16

Y

Print Results

Fig. 2. The flowchart of proposed WOA

Updating location of present search

agent by Equ. 10 And Equ. 11

5. The simulation of the proposed multi-
objective algorithm. The analyses were performed
including minimum cost and emission ratio for operation
of generators in a power network to show the improved
performance of proposed algorithm. Furthermore, the
effectiveness of proposed algorithm is checked by
comparing with recently proposed algorithms such as
MONNDE, PSO, EP, SA, PS, MODE, and MOHDE-
SAT. All the analysis were done using MATLAB® (2018
Version) on an Intel (R) Core (TM) i5-2520M processor
2.50 GHz with a RAM 4.00 GB. Subsequent sections
show the test system parameters and results after analysis.

5.1 Test system and its parameters. The proposed
algorithm is tested on IEEE 5 units. The parameter of
IEEE 5 units is shown in Table 1.

Table 1
Test System 1: 5 units IEEE data

Unit Poins | Pmaxs| UR, | DR, | a, b, c, e, IA a, B % 9, A,
MW | MW | MW/h | MW/h | $/h | $/MWh | $/MW"2h | rad/MW | Ib/h | Ib/MWh | Ib/MWh | b/ MW”2h | 1b/h | 1/MW
1 10 | 75 30 30 |25 2.0 0.0080 100 |0.042 80 —0.805 0.0180 |0.6550 | 0.02846
2 120|125 30 30 |60 1.8 0.0030 140 |0.040 50 —-0.555 0.0150 |0.5773 | 0.02446
3 30 | 175 40 40 |100] 2.1 0.0012 160 0.038 60 —1.355 0.0105 [0.4968 | 0.02270
4 40 | 250 50 50 (120 2.0 0.0010 180 0.037 45 —-0.600 0.0080 0.486 |0.01948
5 |50 [300]| 50 50 |40 1.8 0.0015 200 [0.035 30 —-0.555 0.0120 |0.5035 | 0.02075

5.2 Results and comparisons. Table 2 shows the best
fuel cost and emission for 24 hours for given load. The
value of P1-P5 is selected by WOA such that load demand
is fulfilled and give best fuel cost and emission result.

The 5 units test system is simulated for 8 trails
having 500 search agents for 100 iterations. Table 3
presents the best cost, best emission and total cost-
emission against 0.5 weight for 5 units. The results shown
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in Table 3 are obtained from MONNDE, PSO, EP, SA,
PS, MODE, MOHDE-SAT and proposed technique. The
percentage change of other techniques with respect to
proposed algorithm shows the effectiveness of proposed
WOA. The proposed WOA has 4.94 9% better
performance than MONNDE, 8.8 % than PSO, 6.85 %
than EP, 6.9 % than SA, 2.35 % than PS, 0.218 % than
MODE, and 1.411 % than MOHDE-SAT.

Table 2
DEED results for 24 hrs
Load [Hour| Pl P2 P3 P4 P5  |Fuel Cost|Emission
410 1 [17.70{106.91(112.46] 40 |136.54| 1317.87 | 510.62
435 2 |45.71]98.84 [118.13] 40 [136.30| 1438.52 | 505.75
475 3 75 1103.50{119.50f 40 |141.74] 1515.83 | 579.21
530 | 4 75 198.79 [127.53| 89.81 |144.58| 1847.63 | 610.53
558 5 75 1103.41|118.83[125.94]|141.13| 1697.07 | 643.38
608 6 75 | 98.51 {130.10(168.47]|143.39| 2038.01 | 735.64
626 | 7 75 1100.18|114.38|205.46]|139.05| 1832.18 | 806.98
654 8 75 1102.71]133.92|209.16]|141.95| 2005.68 | 862.69
690 | 9 75 1108.91[166.54|208.41]140.79| 2153.24 | 944.19
704 | 10 [73.88[106.36|171.88|209.76[152.17| 2226.74 | 989.75
720 | 11 | 75 [102.64|174.99(227.19[150.71| 2329.29 | 1048.01
740 | 12 | 75 |98.54 |172.96|211.59(192.96| 2380.45 | 1142.23
704 | 13 | 75 [117.91]|172.33]|204.43|144.36| 2261.61 | 985.77
690 | 14 | 75 [104.04|166.28|213.28|141.05] 2143.43 | 946.84
654 | 15 | 75 ]99.92 [140.69|205.44|141.66| 2037.19 | 854.35
580 | 16 | 75 [99.24 [111.07|155.44|146.10| 1886.79 | 691.40
558 | 17 | 75 [105.60[118.75{126.29[138.68| 1709.21 | 642.50
608 | 18 | 75 [101.05/126.35|168.89[144.21| 2038.31 | 739.96
654 | 19 | 75 19631 |142.14]|211.06[138.20| 2023.64 856
704 | 20 | 75 [113.52|171.41|211.85[142.31| 2209.86 | 987.26
680 | 21 | 75 [93.37 [169.87]|211.95[139.17| 2092.81 | 918.93
605 | 22 | 75 [105.93|129.87|161.95[139.68| 2043.15 | 729.03
527 | 23 [59.21]94.35 |113.33]124.72{141.03] 1615.60 | 583.67
463 | 24 [45.06] 97.89 [111.04| 74.72 [138.70] 1631 513.30
14577 46475.10 |18827.99
Table 3
Performance comparison of WOA with other algorithms
Technique Best cost | Best emission Totgl Change %
&) (Ibs) (0.5 weight) | w.r.t WOA
MO[IB\]IDE 49135 18233 33684.24 4.94
PSO[15] 50893 20163 35528 8.80
EP[16] 48628 21154 34891 6.85
SAT10] 48621 21188 34904.5 6.90
PS[17] 47911 18927 33419 2.35
MODE [10] | 47330 18116 32723 0.218
MOHDE-
SAT[10] 48214 18011 33112.5 1411
Proposed
V\})OA 46475.09 18827.98 32651.53 -

Figure 3 shows the graphical comparison of total
cost and emission of proposed algorithms and other
algorithms for 5 units. This clearly shows that the
proposed WOA has the minimum total cost and emission
than other algorithms.

Percentage improvement of proposed WOA with
respect to other algorithms is shown in Fig. 4.

Figure 5 shows the variation of best cost among
8 trails (500 search agent and 100 iterations). Total cost
and emission for each trail is 32761.39457, 32691.25187,
32870.03513, 32843.87755, 32824.84763, 33220.30359,
32651.54342, and 32745.05286, respectively. The best
cost and emission is obtain at trail 7, which is
32651.54342.

Total cost and Emission

36000
35000 g = =
34000
% = = = =
-
ol B B e
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Techniques g I3

Fig. 3. Graphical comparison of total cost and emission vs.
techniques

%

MONNDE
PSO

EP

SA

PS

MODE
MOHDE-SAT

Fig. 4. Percentage improvement of proposed WOA vs. other
techniques

Total cost and Emission
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Fig. 5. Variation of best cost among 8 trails

Conclusion.

This paper presents a newly developed metaheuristic
technique based on Whale Optimization Algorithm to
solve the Dynamic Economic Emission Dispatch
problem. The main inspiration for this optimization
method is the fact that Metaheuristic algorithms are easy
to implement, no gradient information requirement, easily
bypass local optima, and can be used for a variety of other
problems. The proposed strategy is validated by
simulating on MATLAB® for 5 IEEE standard test
system. Numerical results for the 5 IEEE test system are
presented to show the capabilities of the proposed
algorithm to establish an optimal solution of the Dynamic
Economic Emission Dispatch problem in a several runs.
The proposed Whale Optimization Algorithm for 5 unit
has 4.94 % better performance than Multi-Objective
Neural Network trained with Differential Evolution, 8.8
% than Particle swarm optimization, 6.85 % than
evolutionary programming, 6.9 % than simulated
annealing, 2.35 % than Pattern search, 0.218 % than
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multi-objective differential evolution, and 1.411 % than
multi-objective  hybrid differential evolution with
simulated annealing technique.
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