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The reasons for increased degree of saturation of magnetic system of electric machines with a long error-free running
time are substantiated. It is proved that application of the conventional methods of calculation of electromagnetic and
power processes parameters at practical degrees of saturation results in inadmissible errors. During the process of the
problem solution an improved parameter calculation method applicable under the considered conditions is grounded. A
sufficient degree of coincidence of the calculation results with the experimental data as to integral parameters and in-
stantaneous power and electromagnetic characteristics is obtained. References 8, table 1, figures 6.
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Introduction. During operation of electromechanical and electrotechnical devices their magnetic
systems are characterized by different degrees of saturation. It is accordingly taken into consideration during
their calculations. So, most electric machines are designed in such a way that maximum unsaturated condi-
tion of magnetic system correspond to their typical operation — the point of transfer from a linear section of
magnetization curve to the zone of saturation. Due to this fact the stability of their characteristics is provided
at insignificant excitation oscillations. In this case general degree of saturation is an averaged value changing
from a low one in yokes and poles to a high one in teeth. The same principles of magnetic system design re-
main for different types of transformers. The magnetic system operating point calculated for a typical opera-
tion, as a rule, is characterized by a lower degree of saturation. The proper change of saturation degree across
the magnetic circuit is not very significant.

In some cases the degree of magnetic system saturation exceeds the admissible value. It can be
caused by both low quality of used magnetic materials or production technology and various errors in the
process of devices design. Deterioration of the condition of electric machines and transformers in the course
of their operation and repairs additionally contributes to the degree of magnetic system saturation. It can be
explained by aging of both magnetic materials and structural components of magnetic systems — stators and
rotors of electric machines, yokes and rods of transformers. In this case aging of structural components is
more significant. It is expressed in violation of inter-lamina insulation and, correspondingly, in the growth of
eddy flows. As a result, electromagnetic parameters of the devices change and their power and thermal char-
acteristics sharply deteriorate.

The above said makes the problem of account of magnetic system saturation degree topical. It im-
plies the solution of problems connected with accurate determination of parameters and characteristics of this
system under the given conditions and substantiation of the adequate analytical description of electromag-
netic and power processes in the considered devices [8].

Problem statement. The purpose of the research carried out in the paper consists in development of
a calculation procedure for parameters of nonlinearity of alternating current electric circuits using a power
method, verification of its availability by example of calculation of parameters of nonlinear inductance.

Devices with highly saturated magnetic systems are known to be a nonlinear load for mains sup-
ply. It results in the fact that, when supplied by alternating sinusoidal voltage, the consumed current be-
comes nonsinusoidal. It causes occurrence of additional power flows between the mains and the load,
which violate electromagnetic compatibility of consumers. When the degree of saturation is high (satura-
tion coefficient k¢ <0.5 [1]), losses components sharply increase, efficiency falls and device heat ex-
change deteriorates. All this complicates the analysis of their operation conditions due to the absence of
adequate mathematical description and insufficient accuracy and information value of the existing meth-
ods of nonlinear circuit calculation.
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In theoretical electrical engineering such circuits are mainly calculated by the method of equiva-
lent sinusoids. It implies substitution of a nonsinusoidal current by a corresponding sinusoidal current
with the same value of active power. It provides the possibility of the use of vector diagrams and con-
ventional systems of differential equations. However, the solution obtained in this case is true only for
the calculated point. The circuit parameters change for another current value. So, use of this method at
kg <0.5 does not provide the possibility to describe the processes in the considered devices adequately.

The error of determination of losses components in static condition also grows, and dynamic conditions
characteristics practically do not correspond to the experimental results [5].

The possibilities of calculation are significantly broadened with the use of spectral analysis
methods. In this case real time dependence for current is substituted by a harmonic series obtained as a
result of spectral decomposition. However, new problems arise in this case. They can be explained by
the necessity of correction of theoretical notions and calculation relations from the point of view physi-
cal essence of the occurring processes [6].

The purpose of the paper consisted in development of a simple and practically applicable
method for determination of parameters and description of electromagnetic and power processes in non-
linear circuits containing saturated steel as well as estimation of its applicability and validity at different
degrees of magnetic system saturation.

Research materials and results.

Theoretical theses. Calculation of parameters of electric machines and transformers is usually based
on differential equations and equivalent circuits. Taking into account the specific features of the analyzed
problem, there is no sense in using complex objects as the main problem is connected with adequate descrip-
tion of processes in magnetizing circuit. This circuit enables taking into consideration magnetic processes in
devices by introduction of a corresponding branch in the electric equivalent circuit. Thus, to substantiate the
offered method of problem solution it is sufficient to use a simple nonlinear circuit with load in the form of
inductance with a ferromagnetic core and a winding, containing W] turns, shown in Fig. 1 (equivalent circuit
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can be presented by a classical relation
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where inductance L; is determined by leakage flux @ .

When magnetic circuit is saturated, this equation is nonlinear due to nonlinear connection between
flux linkage Wy =®(#; and MMF i/ . It results in nonsinusoidality of periodical currents, fluxes and

voltages and limits the application of equivalent quantity method and vector diagrams as well as particular
principles of complex quantity method. In this case equation (1) can be used under the condition of taking in-
to account the polyharmonic composition of current #;(¢) and EMF ¢y (¢) included into it.
Power balance equation for instantaneous values, created on the basis of (1), will be of the form:
di
ille +lel.1 71+€1i1 =u1i1. (2)
t

Having compared (2) with the circuit in Fig. 1, it is possible to come to the conclusion that product
eyiy 1s to completely describe power processes in magnetizing circuit (parameters Ry, L, ).
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According to this, for factual determination of R, L, it is necessary to have dependence e (7) that

can be obtained indirectly being expressed from (2) when all the other parameters are known.

In this case it should be taken into account that, when saturation degree and frequency grow, the val-
ue of magnetic permeability p considerably decreases due to reactive action of eddy currents as can be seen
in Fig. 2 (dependences p = f(H ) for magnetic material of the core: 1 — frequency 50 Hz, 2 — frequency 250
Hz) [5]. The considered effect causes additional errors in determination of steel losses as well as erroneous
interpretation of physical phenomena in the analyzed circuits.

Parameters R|, L neces-
M H m g sary for the calculation can be ob-
20000 1 tained by direct measurement and
later assumed constant. Expres-
sion for #;(¢), taking into account
its nonsinusoidality, is to be de-
termined according to the results
of spectral decomposition based
on Fourier transform in accor-
dance with recommendations [6].
10000 + Another problem in de-
termination of  parameters
R,,L, is their presentation in

15000
Fig. 2

H,A/m  the circuit (Fig. 1, b) as con-
5000 0 ' ' ' ' ' »  nected in series. This approach is
artificial and caused by the ne-
cessity to simplify the calculation of magnetizing circuit for electric machines equivalent circuits.
When steel losses in electric machines and transformers are determined, the following proportional-
ity is used [3]

®m~Bm~E1/kf~U1/kf, 3)
where @, —magnetic flux maximum value; E}— stator winding EMF; k  — form coefficient.
It allows evaluation of steel losses according to generally accepted relations of the form:
Po=cy [ US Heo f2UL, 4)
where ¢y, c,.— coefficients taking into account division of steel losses, respectively, into hysteresis losses

and eddy current losses; U;— supply voltage; f *_ relative frequency reduced to the frequency of supply

voltage (usually 50 Hz).

Proportionality (3) is upset when the degree of saturation grows as electric and magnetic values con-
tained in it lose linear interconnection and are of different forms.

This prevents the use of expression (4) at high degrees of saturation. Besides, the use of (4) implies
neglect of active resistance of magnetizing circuit, which is admissible for transformers and, concerning
electric machines, is absolutely contrary to fact.

The above said substantiates the use of value E; instead of value U; in (4). In general case value E|

is of a polyharmonic character. It implies the substitution of series connection of elements by parallel one in
representation of magnetizing circuit.

Let us consider the special features of such
transformation by the example of a typical magnetizing
circuit used in calculations of electric machines and
transformers and taking steel losses into account (Fig.3)
(Series (a) and parallel (b) representation of magnetiz-
ing circuit in the equivalent circuit) [2].

In Fig. 3 Iy,13,1,,1,4,1p, — correspond-

ingly, current of the initial winding, reduced current of
the second winding, magnetization current for the cir-
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cuit Fig. 3, a, active and reactive components of magnetization current for the circuit Fig. 3, b;
RH , X W R,,, X ,,— resistance and inductive reactance of magnetization circuit for the circuits in Fig. 3, a and

Fig. 3, b, respectively.

Let us estimate the correspondence of the magnetizing circuit in Fig. 3, b to real physical phenomena
when the saturation degree changes. Taking into consideration (3), steel losses F, are proportional to
squared voltage U;, at the output of the magnetizing circuit (Fig. 3, b).

If resistance R,, is connected to terminals in parallel to X, , as it is shown in Fig. 3, b, losses in this

resistance will also be proportional to U 122 . The value of resistance R, is determined in such a way that its
losses equal the steel losses:

R, Z(m1U122 )/Rm :(mlElz)/Rm ) (%)
where m;— the number of the phases of the device.
Hence R, = (mlElz )/Pu . (6)

Value £, at the assigned EMF E is refined according to experimental data. Then R,, can also be

considered known.
In this instance magnetization current /,, divides along two branches of magnetizing circuit into an

active /,,, component and a reactive /,,,, one. The former component is determined by steel losses power

and the latter one creates a flux in the core.
As the degree of the core saturation increases, at f =const resistance X,, decreases proportionally

top. In this case for the circuit in Fig 3, b R =const, and value RH for the circuit in Fig 3, a reduces,

which results in an additional error in determination of steel losses when this circuit is used. Thus, circuit in
Fig. 3, b to a greater extent corresponds to real physical processes in circuits with steel under saturation con-
dition.

Special attention should be paid to the problem of determination of power parameters of the consid-
ered circuit. As curves of EMF e (¢) and current ij(¢) are of a polyharmonic character, it is better to deter-
mine losses in steel and copper as average in the period of values of their instantaneous values. It will enable
elimination of the calculation errors occurring in multiplication of polyharmonic series e;(¢#) and #;(¢) due
to ambiguity of decomposition and nonlinearity contained in spectral transformations.

As a result, a calculation equations system reflecting the algorithm of determining magnetizing cir-
cuit parameters and describing electromagnetic and power processes in the considered circuit in the satura-
tion condition was obtained. It is of the following form:

E =Uy ~ I (Ry + joLg); Z,=E/l; (7.8)
R, =Re(Z,)=XyR,, /(Ri +X,§1); L,=Im(Z,)/0=RyX,, /((R,%, +X,%,)co); (9,10)
L, =X, /(jo); e =u,—Ri —L,di/dt; L, (t)=e /((iy —e; / R,)®); (11-13)
2 17 2 17
Py =ei /Ry; P, =?J'p“dt; Peu =1 Ry; P, szpcudt. (14-17)
0 0

Here o is the angular frequency; 7 is the fundamental frequency period; Z u is the complex im-
pedance of the magnetization circuit; El U 1 i 1 are complex circuit EMF, voltage and current, respectively;
PusPeu» By, Pey are instantaneous and integral values of iron and copper losses, respectively; Ly, (¢), L, are

instantaneous and integral values of magnetizing inductance, respectively.
Equations (7)—(11) are used to determine R, ,L,, when there is no saturation. When U,/ are

known, El , that is used to determine Z u according to (8), is found from (7). Resistance R, is calculated as

a result of solution of equation system (9)—(10). Then maximum value L,, is found on the basis of (11).

Equations (12)—(17) describe the electromagnetic and power processes in the considered circuit at different
degrees of magnetic material saturation. They allow one to directly take into account possible polyharmonic
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character of electrical values variations. In this case parameters Ry, L, R,, are assumed constant, current
i1 (¢) is presented by a polyharmonic series obtained as a result of spectral decomposition, and circular fre-
quency o is corrected for every considered harmonic in accordance with its number. The calculation results
in the possibility to estimate time variation of values characterizing the magnetizing circuit, such as p, and
L, (t) and also to determine their integral values.

Experimental research. The problem of this research consisted in verification of the adequacy of the
developed method and its accuracy as compared with the basic one grounded on the equivalent sinusoid
method [3] at different degrees of magnetic circuit steel saturation (for low-saturated (0.75 <ky <1), me-

dium-saturated (0.5 < kg <0.75) and high-saturated ( kg <0.5) conditions).

To estimate the adequacy of parameter determination a secondary winding with number W, of turns
was applied on the magnetic core. It was used to determine the main magnetic flux @ in the core by value
EMF e, of the secondary winding with the aim of independent measuring instantaneous values of steel loss-

W

. 1
es =eyl] — 18
Py =exi W, (18)
and alternative determination of values R, , L,, using relations
21772 ;
EsW, E, W
R, =—27L L =Re =21 |, (19,20)
PW; L,

relation (9), transformed relative to X ,, , and relation (11) for determination of L,,
Parameters of experimental specimen: core length /=110mm ; core width b =105 mm ; sectional ar-

ea S=3-10"*mm?; core type — helical; core material — steel E330 (thickness d =0.35mm ); numbers of
winding turns W} =200, W, =1000 ; diameters of winding wires with insulation dy =0,5mm ; d, =0,1lmm ;
insulation type — varnish. Geometric parameters of the core allowed location of the windings at a sufficient
distance from one another to make their mutual induction as low as possible. Value R; was directly deter-
mined by a measuring bridge and Lg; was calculated using the results of the experience of short circuit. Lat-
er during research they were considered constant.

In the process of research instantaneous values u,i;,e, were measured for every level of saturation
of the magnetic circuit. The measurements were made by means of a measuring and diagnostic complex with
the use of a module of a multichannel analog digital converter (16-bit analog digital converter with conver-
sion frequency 400 kHz). Further processing of the data and relevant calculation were made with the use of
mathematical methods realized in [4].

The results of calculation and measurements are given in Table. Fig. 4 contains time dependence for
L (t) - calculated, 2 — experimental) and Fig. 5 — time dependences for pu(t), Peu (t) with indication of

average values of P, . Fig. 6 shows a comparative analysis of dependences pu( ) (I- calculated, 2 — ex-

perimental), obtamed in accordance with (14) and (18).

L

mo ] Peu(?)
H A
0.04 +
0.02 +
0 t ‘ — t - e
. 0153, . .
- 0.021
- 0.04

Fig. 4 Fig. 5

16 1607-7970. Texn. enexmpoounamixa. 2015. Ne 4



The demonstrated results confirm the adequacy of determination of steel losses and sufficiently accu-
rate presentation of instantaneous power and electromagnetic characteristics of the considered circuit at dif-

ferent degrees of saturation.

The data of calculations, measurements and corresponding errors are summarized in Table.

Parameter

Saturation degree

0,75< kg <1 0,5<kg <0,75 kg <0,5
experiment 0,075 0,092 0,137
basic method 0,069 0,085 0,121
P W error, % -8,00 -7,61 -11,68
new method 0,073 0,091 0,134
error, % —2,67 - 1,09 -2,19
experiment 3,51 2,54 1,73
basic method 3,55 2,61 1,82
R, . Q error, % 1,14 2,76 5,20
new method 3,54 2,58 1,78
error, % +0,85 +1,57 +2,89
experiment 0,00202 0,00161 0,00117
basic method 0,00192 0,00142 0,00084
L,.H error, % -4,95 -11,80 228,21
new method 0,00198 0,00155 0,00107
error, % - 1,98 -3,73 —-9,40
experiment 734 699 655
basic method 772 734 706
R,,,Q error, % 5,18 5,01 7,79
new method 760 714 673
error, % +2,18 +2,15 +2,75
experiment 0,0353 0,0281 0,0172
basic method 0,0325 0,0214 0,0112
L,.H error, % -7,93 -23,84 -34,88
new method 0,0331 0,0254 0,0165
error, % -6,23 -9,60 —4.24

It is obvious in Table and Figs. 4 and 6 that results of
calculation coincide to a sufficient degree with the data of the
experiments as to integral parameters and instantaneous power
and electromagnetic characteristics.

Besides, calculation of the power balance confirmed
the efficiency of the use of the offered circuit transformations,
which makes it possible to take into account the properties of
magnetic material more completely.

Conclusion.

1. A method for determination of the parameters of alter-
nating current nonlinear circuits with steel, applicable at in-
creased saturation of magnetic material, has been developed.
This method is characterized by the error of parameter determi-
nation under the condition of average saturation of about 3—5%

and under the condition of high saturation — by the error of about 7-9%, which is by 3—8 times less than in the

case of the use of the basic calculation method.

2. The offered calculation relations provide obtaining an adequate mathematical description in time
function of basic electromagnetic and power processes in nonlinear circuits with steel under saturated condition.

3. Further research results should be directed to expansion of the possibilities to use the developed
method for more complicated types of electrotechnical and electromechanical devices. It enables one to im-
prove the calculation of losses and efficiency, as well as heat processes in the considered devices, at different

degrees of magnetic material saturation.
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YTOYHEHHUI METO/]I PO3PAXYHKIB TAPAMETPIB EJJEKTPOMATHITHUX I EHEPTETUYHUX IMPOLECIB B
EJEKTPUYHHUX KOJIAX 31 CTAJJIIO B PEXKUMI HACUYEHHS
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O61pyHmMOBAHO NPUYUHU NIOBUUEHHS CIYNEHIO HACUYEHHS MACHIMHOL cucmemuy eieKmpusyHuX Mawut i3 mpusanum Hapooi-
mKom Ha 8i0mosy. [losedero, uwjo 3acmocy8ants ICHYIOUUX MEmooié po3paxyHKie napamempie eleKmpoOMAacHImMHUX ma eHep-
2eMUYHUX NPOYECi6 Npu CMYNEHSIX HACUYEHHS], WO 3YCIMPIYaomvbCst Ha NPAKmMuyi, RPUEOOUMs 00 HENPUNYCIMUMUX HOXUOOK.
Y npoyeci pozse'asxy 3adaui obrpyHmosano ymoureHuti Memoo po3paxyHKy napamempis, 3acmocosHULL Y PO32NAHYMUX YMO-
eax. Ompumaruii 00CMamuill CmMyninb 3012y pe3yibmamie PO3PAxyHKIe 3 OQHUMU eKCNEPUMEHMIE 3a IHMeSPalbHUMU Napa-
Mempamu ma MummesUMU eHEPLeMUYHUMU U eleKmpoMacHimHumu xapaxmepucmuxavu. biomn. 8, Tadmn. 1, puc. 6.

Knrouoei cnosa: xomno 3i CTajutio, eNeKTPOMarHiTHI MPOLECH, eHEPreTHYHI ITPOLIECH, CTYIiHb HACHYEHHS.

YTOUYHEHHBII METO/I PACYETA IAPAMETPOB JIEKTPOMATHUTHBIX U SHEPTETUYECKHX
MPOLHECCOB B QJIEKTPHYECKHUX LEIISAX CO CTAJIBIO B PEXKMME HACBIIIEHUA
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0b60cHo8ambl NPUYUHBL NOBLIWEHUS CIEeNeHY HACLIWEHUS MAZHUMHOU CUCTEMbl INEKMPULECKUX MAUUH ¢ NPOOOIHCU-
menvHoU Hapabomkol Ha omkas. [loxkazano, umo npumenenue Cyuwjecmsyiouux Memooos paciema napamempos Jex-
MPOMASHUMHBIX U IHEPLeMUUECKUX NPOYECCO8 NPU BCMPedaiowuxcs Ha Npakmuke cmenenax HAcblyenus npueooum K
HeOONnyCmuMbIM No2peuHoCmaM. B npoyecce pewtenus 3a0a4u 000CHO8AH YIMOYHEHHbLIL MEMOO paciema napamempos,
NPUMEHUMbLU 8 paccmampugaemvix ycaoguax. Ilonyuena 0ocmamoynas cmenelb COBNAOEHUs Pe3yIbMmamos pacuemos
¢ OQHHBIMU IKCHEPUMEHTNOE NO UHMESPATbHBIM NAPAMEMPaM U MCHOBEHHbIM IHEPLEMUUECKUM U INEKMPOMACHUNMHBIM
xapaxkmepucmuxam. bubn. 8, Tabm. 1, puc. 6.
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