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Purpose. Determination of resistance of a powerful power transformer to the action of geomagnetic induced cur-
rents (GIC) and structural measures for its increase, if necessary.

Methodology. An analytical calculation of the magnetization current (MC) is applied, which under the action of
geomagnetic induced currents is excited in addition to the rated current in the higher voltage winding. Analytical and
numerical calculations of the magnetic field and the losses, and computational-empirical methods for estimation of the
temperature rises are used.

Findings. For a five-core transformer with a power of 630 MVA under the GIC effect, the increased losses and
heating of structural elements on the cores of the magnetic system, the tank, and the increased sound level are deter-
mined.

Originality. For the case of orthogonal property of the vectors of winding rated currents and the vectors of har-
monic components of the peak unbalanced MC, the Joule losses are represented by the sum of the losses due to these
currents using the increase factors for ohmic losses in non-magnetic and ferromagnetic structural parts, which depend
on MC harmonic spectrum.

Practical value. The stability of the transformer under test to the given level of GIS was confirmed, and structural
measures for its increase were recommended. The tested methods can be used in the computational design, in the study
of real cases of equipment operation.

Key words: transformers; geomagnetic induced currents; losses; temperature rises; calculations.

I. INTRODUCTION

Varying solar magnetic activity causes the responses —
of geo-magnetic field, which induce electrical potentials [f?
on the Earth’s surface. In case of considerable distances -~ \
between the ground points of the winding neutrals of I
transformers, shunt reactors and other equipment t
associated with HV lines, geomagnetic inducted currents I
(GIC) flow through the conductors of long-distance - =
power transmission lines connected to electrical r ‘\‘\\((z,m’ LI l
equipment - fig. 1 from the Standard [1]. P L ot .

In the most events such currents are considered as . T i
quasi-fixed (DC) currents IDC=IGIC/3, which are closed SN Earll Surtate Patental =SS

in the transformer higher-voltage windings (HV) in

addition to operational alternating currents (AC). Figure 1. GIC flow into a power transformer
Observation within operation and theoretical researches

demonstrate that GIC effects causes overheating of the II.ANALYSIS OF RESEARCH AND PUBLISHED
structural elements, especially, tie bars and clamping PAPERS

plates of the magnetic system (MS) [1], and lead to

increased sound level The issues of GIS occurrence and effects on the

electrical equipment of the power systems, in particular
on the power transformers are considered in [2]. It is
noted that if the so-called methods of active blocking or
compensation of direct currents are not applied [5], [13],
MS saturation due to superposition of AC and DC mag-
netic fluxes is possible in the transformers with five- core

The requirement of evaluation of thermal withstand
capability of the power transformers exposed to GIC is set
by new Standard [1]. Therefore, study of GIC effect on
the high-power transformer is of great current interest.
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three-phase or single-core single-phase designs, and gen-
eration of unbalanced nonsinusoidal magnetizing current
(MC) in HV windings [4]. Generation of MC with half-
period peaks is illustrated in fig. 2 from [5], [6].
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Figure 2. Induction in unsaturated and saturated core,
and magnetizing current

Studies of GIC effects on the transformer are pre-
ceded by theoretical assessments and direct measurements
of induced electric potentials, DC currents duration and
magnitude at probable sites of equipment operation [4], [5],
[13]. Based on the results of such studies, the customers
declare the appropriate requirements for the manufacturers.
DC current duration and magnitude can be considered as
necessary and sufficient for evaluation of the equipment
withstand strength under GIC effect [8], [9].

Thus, in [8], MC in HV at currents of 25/3, 50/3,
100/3 A DC is analyzed for 292 MVA transformer, and in
[12], MC is analyzed at 50/3 A DC for 550 MVA
transformer. In [15], 65 A DC is considered to be critical
for the tank temperature rise for the transformer rated for
400 MVA capacity.

To evaluate MC in HV winding the well-known
papers contain description of T-shaped single- or three-
phase equivalent circuit with lumped parameters [2]. It
comprises of the circuit of parallel-connected inductive
excitation impedances of MS and windings connected in
series to HV winding ohmic and inductive resistance.

Simultaneous effect of alternating and direct voltage
on the specified nonlinear circuit is investigated by
numerical methods using the ATP-EMTP, Mathlab
software. In this case, MS magnetizing is simulated with
consideration of the hysteresis (flux current) loop [11],
[15], [16] or according to normal magnetization curve of
electrical steel [12].

The papers [2], [3], [8] describe analytical
evaluation of the amplitudes and the harmonic
composition of HV winding MS peak current. The valid
assumption was made for high-power transformers which
ohmic resistance of HV winding is much less than its dy-
namic inductance. Due to the saturation of electrical steel
of MS core, this inductive resistance is determined by
winding inductance without core xy,; = wly, , @ =27 .

Peak MC 1i,,,, (¢,c) at saturation angle « of HV wind-

ing rated for phase voltage U is generated at time interval
7—a<wt<r+a and determined by expression [3]

Imag(t.a0) =—A(coswt+cosa), (1)

where 4=+2U/ X4a » and saturation angle « is obtained

from condition of equality of DC Ip¢ and the zero-th har-
monic of expansion of the function (1)

Ipc =ig=A(sina—acosa)/ . 2)
Maximum MC value in HV winding is equal to
imax = A (1=cosa). 3)

MC phase is determined by applied voltage phase,
thus, maximum value of balanced operational currents of
LV and HV windings is offset by the angle 7/2 or by
another, so-called, load angle ¢ . This leads to the fact

that within different time intervals the transformer active
part is exposed to different magnetic fields. The first
magnetic field is due to balanced sinusoidal operational
currents of the winding in case of unsaturated MS. The
second is due to unbalanced MC in HV winding.

The magnetic field of operational currents is defined
as leakage field, that is, provided that the total ampere-
turns of the windings are equal to zero. For its calculation,
the sufficiently well-known analytical calculation models
are widely used [17], [20], including, for example, the
plane-parallel model of the winding system taking into
account MS core using the method of mirror reflections.

The magnetic field of HV winding unbalanced MC
is solenoidal field and the above model should be
considered as unacceptable for its calculation. Therefore,
when studying GIC effects on the transformers, the finite-
element (FEM) analysis methods are used, which assume
both the balance and the unbalance of total ampere-turns
in the windings and various levels of MS saturation. For
example, two-dimensional axisymmetrical FEM models
were used to calculate the magnetic fields within 292
MVA autotransformer windings [8], in the region of the
windings and the tank of transformer rated for 550 MVA
[12]. In [15], the analytical model of the cylindrical
winding in air is used to calculate MC magnetic fields.

In this paper, to calculate the magnetic field, both for
balanced operational currents, and for HV MC winding,
the single-core M-CC model is employed (closed
cylindrical model) of one or several windings arranged in
the cylindrical slot [20].

For the known values of the magnetic field, the
following calculations of losses and temperature rises are
performed using numerical-analytical and computational-
empirical methods [17] — [20], implemented as the
software in the computer-aided design subsystem [20].
The calculation features related to the mode with DC
currents are shown in the appropriate sections of this

paper.
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For the purpose of calculation of the magnetic fields,
the losses, and the temperature rises, it is effective to use
two- and three-dimensional numerical methods of finite-
element modeling, that is, FEM models [20]. However,
the relevant studies have shown that application and
verification of operation results of known invariant FEM
systems for analysis of electromagnetic processes with
unharmonic variation of excitation currents introduce the
considerable methodological complexity, description of
which is beyond the scope of this paper. This is especially
true for the bodies of limited size with non-linear surface-
effect, and welded structural elements. Therefore, this
paper represents the results of the numerical simulation
only for the mode of harmonic (sinusoidal) rated currents
using the methods presented in [20]. It is also important to
point out the fact that time constants for temperature rises
of the windings and the structural elements is much less
than those related to oil in the tank. For example, in fig. 3
from [5] it is shown that temperature rises of the tank with
a slight delay (the minutes) correspond to GIC variations,
and top-oil temperature in the tank remains unchanged for
more than 1.5 hours. Therefore, the assumption is made in
the present paper that oil temperature in the transformer
tank will be unchanged even in the case of the total losses
increase due to GIC effect.

The mentioned brief review of the problem
demonstrates the importance of the most accurate evalua-
tion of all critical electromagnetic and thermal parameters
of the transformer at rated operating mode, and, if possi-
ble, it should be implemented both based on the results of
calculation analyses and on experimental studies during
type testing, as well as taking into account evaluation of
changing of these parameters at specific levels of GIC
effects expected in operation.
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IV. PRESENTATION OF THE MAIN MATTER
AND ANALYSIS OF THE OBTAINED
RESULTS

Object, conditions. For the purpose of this paper,
the TDC-630000/500 five-core transformer type with
OFAF oil-forced cooling system is used as the object. HV
winding of the transformer under study is characterized
by phase rated voltage of 5253 kV, rated current of
346.4 A; fundamental frequency f1=50 Hz. The customer
specified in the inquiry for this transformer the
geomagnetic induced currents (GIC) flowing in HV
winding neutral having the value IDC=30/3=10 A per
phase and the duration 30 min. To demonstrate the
changes of current parameters during DC current
multiplication, the 20 and 30 A values were considered.

Magnetizing currents. Using M-CC model, the
inductance Lsat=1.8 Henry, and, following the
expressions (1) - (3), — MC parameters in HV winding
were determined. The results are represented in fig. 4 and
in tab. 1, tab. 2. MC time dependences as for DC currents
of 10, 20, 30 A are shown by means of dotted line, dashed
line and solid line, respectively.
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Figure4. MC time dependences i,,q(f,a) at DC
currents 10, 20, 30 A

In tab. 1, the values of saturation angles, maximum
peak current values i, and effective values of the first i;
harmonic of the cosine development of time function of
the current are given for a number of DC current values

).

Table 1. MC, increase factors of the losses

Figure 3. GIC, temperature of the tank and oil in the

tank

IT1. OBJECTIVE

The paper is purposed for evaluation of withstand
strength of the high-power transformer affected by geo-

Inc,A | a.ad | ip.gA | i,A kiz R ky kg
10 0.503 94.0 | 195 34 310 75
20 0.637 | 148.9 | 384 2.7 16.7 | 5.1
30 0.733 | 194.7 | 57.0 23 11.8 | 4.0

magnetic induced currents, and recommendation of the
constructive measures aimed at improvement of withstand
strength, if appropriate.

10

Table 2 contains the relative values referred to the
current i; for the harmonics n from 2 to 10. The current
parameters almost linearly depend on DC currents, having
the distinction due to the changes in the saturation angle.
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Table 2. MC harmonics i, /i

n Ipc, A
10 |20 |30

2 1093|088 0.85
3 1081 |0.71 | 0.63
4 |0.67]0.51 039
5 10.51]031]0.18
6 |0.35]0.14 | 0.02
7 10.21|0.01]0.07
8 10.09|0.06 | 0.09
9 |0.00 | 0.09 | 0.06
10 | 0.06 | 0.07 | 0.02

Using the dotted land dashed lines, fig. 5 shows time
dependences of rated currents in LV and HV windings at
AC mode, and using the solid line, — sum of rated and
magnetizing currents in HV winding at 30 A DC current
and angle @=7x/2. The values are shown in relative
units as referred to amplitude of HV winding rated
current, LV winding current is adjusted by the turns.
Further, the combined mode of AC and DC is designated
as AD mode.

1
i, p.u. /
0.5

3.14
wit, rad

471

Figure 5. Time dependences of rated currents in the
windings and of the resultant (net) current in HV

It was determined in [8] that «for a unit load power
factor, MC and load current are lagged by 90°, and the
heat losses for the total current is the sum of the heat
losses for each current.

i2
p(rms

“4)

_ 72 .2
)~ [np + lm(rms—DC) >
where i), is primary current, /,,, is rated primary cur-
rent.

If load power factor is cos(¢), MC and load current
will lag by (90-¢)° and

-2 2 -2 . .
lp(rms) = I"P + lm(rmstC) + Zlnplm(”ms*Dc) Sm(¢) ’ (5)
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This approach was applied, in particular, in [15]
when calculating the losses and the temperature rises of
the windings of transformer TDC rated for 400 MVA.
Permissible GIC currents were determined at various lev-
els of the transformer initial load. However, at evaluation
of the tank temperature rises, the losses due to rated cur-
rents are considered as insignificant, and calculation was
carried out only taking into account MC.

Increase factors of the losses due to higher har-
monics. In presence of higher harmonics in the magnetic
field, the values of losses as for the first harmonic should
be increased [17], [18]: when calculating the ohmic losses
in the windings they should be multiplied by the factor
kl.z R’ in the winding conductors and in non-magnetic

structural elements - by the factor k, , in structural parts

made of ferromagnetic steel - by the factor kp
K K K
2 g2 2 2 0.85
kizR:Zln chy =20 0" kg =X, 0 - (6)
n n n

The values of these factors at different DC currents
are given in tab. 1.

At evaluation of the factors related to the winding
conductors and the structural conductive parts made of
non-magnetic steel as for the frequencies specified, the
assumption is made about insignificant demagnetizing
effect of eddy currents.

At calculation of increase factor of the losses in
structural steels with non-linear surface effect, in
particular, in the tank, the exponent can take the different
values: slightly higher and less than the unity, in the
region of «weak» and «strong» fields, respectively [17].
For conditions of the transformer under study, the expo-
nent of 0.85 is assumed, which was determined from the
equality of calculated losses in the tank using factor (6)
and the sum of losses due to current harmonics.

Thus, for the case of orthogonal property of the vec-
tors of the windings rated currents and the vectors of the
harmonic components of peak unbalanced MC, loss cal-
culation of the transformer exposed to GIC using analyti-
cal methods is conducted in three stages. At the first stage
the calculation of the magnetic field and the losses Pn is
carried out at rated balanced currents in HV and LV
windings in case of unsaturated MS. At the second stage,
calculation is performed for the magnetic field and the
losses P, due to the current of MC first harmonic in HV
windings in case of saturated MS of the transformer. At
the third stage the total and the local losses are to be
added using the appropriate factors (6)

Poic =P, +k P (M

When calculating the temperature rises in the wind-
ings, computational and empirical methods are used [18],
which stipulate the averaged coefficients of heat transfer
to oil depending on a number of design factors, tempera-
ture of cooling oil and heat flux density to be determined
from the total losses (7).
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When calculating the temperature rises of the struc-
tural elements, the coefficients of heat transfer should be
also determined [19], [20] by aerial density of the total
losses. Simplistically, assuming that the coefficients of
heat transfer in the studied modes are unchanged, the
temperature rise estimates can be carried out according to
the modes, and then summed up similar to the expression
).

Magnetic field in the active part. Using the 2D
FEM model, the magnetic field was calculated in the sec-
tion along the transverse axis of the transformer phase for
rated currents in LV and HV windings — fig. 6a, and due
to MC first harmonic in HV winding — fig. 6b.

At calculations, the model core, magnetic shunts on
the tank are characterized by normal magnetization curve
of electrical steel, the yoke beams are described by con-
stant values of magnetic permeability. Comparison of the
presented cases demonstrates the difference in magnetic
fields depending on above two conditions in the winding
region and at the model boundaries, that is, on the core
and on the simplified surface of the tank with a magnetic
shield (shunts).

At rated current mode of the windings (fig. 6a) the
flux lines of leakage field are concentrated in the main
duct between the windings. The maximum value of axial
component of the magnetic field induction is equal to 310
mTesla. Uncompensated magnetic field of MC first har-
monic I;=i/N2=13.8 A (fig. 7b) has a pronounced sole-
noidal nature. Axial component of induction at inner ver-
tical generatic line of HV winding has a small value 12
mTesla.

Neglecting the influence of simplified models of the
yoke beams and the tank with shunts on the magnetic
field in the region of the windings and the core, the
analytical calculation of the magnetic field components in
these regions is performed by axisymmetric M-CC model
presented in Section II.

The internal and external, with respect to the wind-
ings, ferromagnetic cylinders of the calculation model are
characterized by constant permeability values across the
cross. Under certain conditions, these values of magnetic
permeability can take the extreme magnitudes of air me-
dium (complete magnetic saturation), of unsaturated
ferromagnet with high value of magnetic permeability, or
the finite value, which depends on the degree of the elec-
trical steel saturation. Horizontal slot walls are ideal
ferromagnetic half-spaces. The expressions for radial and
axial components of the magnetic field induction and the
inductances of the circular elements (parts of the
windings) are determined from the solution of the
corresponding boundary value problem in the form of
Fourier series using axial coordinate, and Bessel functions
using radial coordinate.

For the rated mode, the value of relative magnetic
permeability of the internal ferromagnet (the core) is as-
sumed to be 1000, and at MC mode in HV winding, the
magnetic permeability is taken to be equal to 3 (according

12

to calculation results of nonlinear model shown in fig.
6b), i.c., core saturation is taken into account. For both
modes, the tank effect is neglected.

b)

Figure 6. Flux lines for conditions of rated currents in
the windings (a), and for excitation current in HV (b)

Based on calculation results in fig. 7 the red line
shows alternating-sign distribution of induction normal
component of the magnetic field as referred to MS surface
at rated mode, and the line with dots — for MC mode in
HV. The values are shown in per units relative to maxi-
mum magnitudes, 147 and 34 mTesla, respectively.
Specified values of the magnetic field induction are used
for calculation of the eddy currents and the losses in the
extreme lamination stack, and in the pressing plate on MS
core, as well as for evaluation of the losses in the yoke
beams.

l rY
H, p.u %
0.75 1 1
d
0.25 < — //
o % {
1.0 0.5 0.0 1.0

B, p.u.

Figure 7. Distribution of the magnetic field induction
components along the height of MS pressing plate and the
extreme lamination stack.

The black line in fig. 7 shows distribution of axial
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component of HV winding MC magnetic field induction
along the height of pressing plate. The values are reduced
to maximum magnitude 10 mTesls, which is closely equal
to intensity of magnetic field axial component at the edge
of HV winding. Presence of this magnetic field induction
component contributes to generation of additional eddy
currents in the pressing plate, which are not available in
the nominal leakage fluxes of the transformers.

Total losses, temperature rises of the tank oil.
Thermal calculations of the elements of the active part
and the transformer tank are preceded by calculation of
total loss and oil temperature rises in the tank [18]. In this
case, empirical estimates of total additional losses in the
structure “by analogy” are widely used, which are subse-
quently adjusted by element-wise calculation [18], [20].
Information related to total loses in the transformer allows
calculation of oil temperature distribution in the tank in
accordance with cooling system type employed. So, for
the studied transformer at AC mode using appropriate
software [20], the temperature rises of middle and top oil
in the tank above the ambient temperature (ACMT) were
determined: 33 and 35 K, as well as thermal time constant
of the transformer was estimated as equal to 2.5 hours.
Specified temperature rises are summed according to
overheating method with temperature rises above oil of
windings, core, structural elements, with evaluation of
exceeding of their temperatures above ACMT, which is
finally compared with appropriate standard values [1].

Losses, temperature rises in the windings. For
nominal conditions, calculation of ohmic losses and addi-
tional losses due to eddy currents in the winding conduc-
tors is widely-known [17] and carried out using the ap-
propriate software [20].

For a non-sinusoidal MC at DC mode, this calcula-
tion is carried out in two forms. The first form is the sum
of ohmic losses due to current harmonic components and
additional losses due to eddy currents as used in such
cases. The second form stipulates the losses due to the
first harmonic, multiplied by the factors (6) for ohmic
losses and eddy current losses. It should be noted that in
this case only additional eddy current losses due to MC
magnetic field in HV winding are generated in LV wind-
ing. As referred to HV winding, it is required to add also
ohmic losses due to MC zero-component, that is, from
DC current. Comparison of the results has demonstrated
the practical coincidence of the results of calculations of
both forms.

In case of known losses in the windings and tem-
peratures of the cooling oil in the tank, temperature rises
of the transformer coil windings were calculated using the
industry-specific empirical methodology [20] for OFAF
cooling mode. In particular, for rated AC mode it was
determined that HV winding has the maximum tempera-
ture rise. Temperature rise over ACMT of HV winding
average temperature makes up 63 K, and hot spot tem-
perature — 77 K. These values do not exceed standard
(normalized) magnitudes: 65 and 78 K, respectively [1].

For DC mode, the performed calculations demon-
strated slight (by tenths) increase of temperature due to

13

previously specified low intensities of the currents and the
magnetic fields. However, it was determined that even at
DC current value of 50 A, the specified temperature rises
has reached the values of 67.3 and 81.8 K, which exceed
the standard (normalized) magnitudes.

Circulating currents in the windings. Possible in-
crease in currents and losses due to circulating currents
but at significant DC current levels 100/3 A is highlighted
in [8]. For the transformer under study, the previously
specified low magnetic field intensities at DC mode do
not result in such problems.

In this regard, it should be noted, that for MC sole-
noidal magnetic field, the well-known method for calcula-
tion of current distribution in complex circuits with
limped ohmic resistance and inductance [18] is employed.
In this case, the inductances should be evaluated with
consideration of appropriate magnetic permeability of the
calculation model core.

Losses and temperature rises in the core pressing
plate. To restrict the eddy currents and the losses the
pressing (lifting) strip on the MS core is made of non-
magnetic steel with vertical notches. In case of AC mode
at rated currents in the windings, the eddy currents closed
in the winding plane are calculated for two-dimensional
plate model by analytical method using Fourier series
[20]. Magnetic induction component normal to the plate
surface is the effecting factor, and its distribution is
shown in fig. 7. To calculate temperature distribution
within the plate, analytical three-dimensional method is
also used having the special function of three-dimensional
distribution of losses. Solution of respective thermal prob-
lem is presented as expansion in series of the function in
question according to eigen functions [20].

More accurate calculations, taking into account the
vertical notches in the plate, can be performed using the
numerical simulation. Fig. 8 shows distribution of density
of eddy currents and losses at upper part of the pressing
strip. Maximum value of losses and, respectively,
temperature rises are evident at the strip edge at the area
of maximum magnetic field, i.e., against the winding end
surface.

It should be noted, that for MC the eddy currents
generated under effect of magnetic field induction (fig. 7)
and the currents closed along the plate cross-section
should be additionally evaluated, for example, using [17].

For resultant AD mode under GIC effect the losses
in the plate due to rated current magnetic field and MC
are added according to expression (7).

Based on calculations the maximum temperature
rises above ACMT at the edges of individual strip of the
pressing plate for AC and AD modes are obtained as 50
and 63 K, in view of standard (normalized) value of 75K.

Losses in the extreme stack of MS core. Losses
and temperature rises in the extreme stack of the core are
calculated similar to method for non-magnetic pressing
plate. In this case the calculated thickness of stack is de-
termined based on empirical dependence as for electric
steel lamination layer considering its dimensions and
maximum amplitude of effecting magnetic field normal to
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lamination (fig. 8). It should be noted, that for extreme
stack the losses in electric steel due to magnetic flux in
MS core are to be additionally considered [20] for nomi-
nal conditions and for saturated steel, respectively.
Maximum temperature rises of the extreme stack above
ACMT for AC and AD modes are obtained: 41 and 52K,
in view of standard (normalized) value of 75K.

a) b)
Figure 8. Distribution of eddy currents (a) and losses (b)
in pressing plate with notches

Losses, temperature rises of the tank. For the pur-
pose of calculation the numerical- analytical quasi-three-
dimensional calculation model of the transformer is used
—fig. 9.

The well-known method of surface losses [20] is
employed. This method stipulates two stages. At the first
stage, the spatiotemporal distribution of the primary mag-
netic field in the air along the closed path, which coin-
cides with the surface of the tank (without the tank), is
calculated. Superposition of axisymmetric magnetic fields
of individual cores (phases) is used — the M-CC model.
At the second stage, using the non-linear coefficients of
the effect of impedance type, the tangent component of
the magnetic field intensity on the tank surface is deter-
mined. Using the square of its value and the real compo-
nent of the empirical characteristic of surface resistance,
the losses are calculated for the specific vertical sections
of the tank. The local factors of the primary field variation
in the region take into account presence of discrete stacks
of electrical steel (shunts) on the tank internal surface.

The software used [20] has graphic pre- and post-
processors for representing the geometry of the calculation
model and the results of calculations. Fig. 9a shows the
horizontal axial lines Ox, 0z, the reference lines of the cen-
ters of cores and windings as referred to the axial lines, the
circular contours of cores and windings. The line of lower
calculated tank contour, which is almost in contact with the
contours of the core is shown along 0z axis.

Isometric simplified diagram in fig. 9b shows the model
vertical axis Oy, the phantom sections of cores and windings.
Calculated surface of the tank is generated by horizontal sur-
face along the tank bottom, then by inclined plane from the
windings, further by vertical wall, again by inclined line to the
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windings and horizontal part on the cover.

b)
Figure 9. Simplified diagram of projection onto
horizontal plane (a) and isometric simplified diagram (b)
of quasi-three-dimensional model of the transformer for
calculation of losses in the tank

The grid of vertical lines shows the position of the
magnetic shunts on the tank longitudinal wall. The tank
butt end parts are not considered, since they are shielded
from the magnetic field of the windings by MS lateral
yokes. Forty vertical sections are set on the tank wall,
each of them has 50 points along the height; point 50 cor-
responds to the tank bottom.

Distribution of the temperature rise on the tank sur-
face above adjacent oil temperature is represented in fig.
10, 11.

Min=0
Max= 17,372 0
,000E+00
1,930E+00
5,86 1400

5, 7916400
7,721E400
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1,158E +01
1,351E+01

[
1,737E 401

L
12 20 2% B 32 3B

Figure 10. Distribution of temperature rises on the tank
surface above adjacent oil at rated current mode in the the
windings
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For MC first harmonic in HV (fig. 11), maximum
values of order of1.3 K are observed on the upper part of
the tank in the areas between the phase cores, approxi-
mately in 10 horizontal points at vertical generators (15
and 25). It should be noted that at these points the
temperature rises due to rated currents in the windings
make up about 12 K.

Min=0 ) L
4 8

Max= 1,2618 0
,000E+00
1,402E-01
2,804E-01
,206E-01
5,608E-01

7,010E-01

8,412E-01

9,814E-01
-1,122E+UD

1,262E+00

Figure 11. Distribution of temperature rises on the tank
surface above the temperature of adjacent oil in case of
MC in HV

Fig. 10 demonstrates maximum value of 17.4 K at
rated currents in the windings which occur in the upper
and middle part of the tank within the areas adjacent to
the phase windings, approximately in the points 10, 19
and 33 on the vertical generatrix 20.

Expression (7) with the factor kg=7.5 (tab. 1) allows
to carry out the tentative estimate of temperature rise
above oil at cumulative mode: 12.0+1.3*7.5 = 22K. Since
these points correspond to the tank upper part, the value
obtained should be added by temperature rise above top
oil ACMT in the tank: 22 + 35 = 57 K, which neverthe-
less will be lower if compared with standard (normalized)
value of 75 K.

It is determined by calculations that the total losses
in the tank due to rated currents in the windings are 68
kW. The losses due to MC in HV, the second term in the
sum (7), are 33 kW. Thus, at AD mode, the losses in the
tank are equal to 101 kW.

Losses, temperature rises of the yoke beams. Ac-
tive part of the transformer contains the yoke beams lo-
cated at the top and the bottom of the windings, the verti-
cal walls made of ferromagnetic steel with non-linear skin
effect, and the horizontal shelves of contoured profile
made of non-magnetic steel.

Taking into account the degree of complexity of
electromagnetic processes in the welded beams, the finite-
MS model was also simplified. In the plane of electric
steel laminations, MS cores and yokes are characterized
by normal magnetization curve. According to the normal
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to MS laminations, the magnetic permeability is deter-
mined taking into account the stacking factor of steel, and
it represents the constant finite element modeling method
was used to calculate the losses in yoke beams [20]. Sim-
plified diagram of FEM model of the transformer under
study is shown in fig. 12 with simplified (without insert)
tank cap.

Figure 12. Simplified drawing of three-dimensioned
finite-element model of the transformer

The magnetic shunts on the tank walls concentric
with winding cores are taken into account. The tank and
the vertical walls of the yoke beams are characterized by
normal magnetization curve of structural steel and by
constant value of electrical conductivity. Welded joint of
ferromagnetic walls and non-magnetic shelves is taken
into account by natural contact conditions of the beam
FEM models.

For the tank and the yoke beams, the volumetric loss
method was used, in which the volumetric losses for eddy
currents and hysteresis in ferromagnetic structural steels
are summarized [20].

The obtained calculated distribution of losses in fer-
romagnetic walls of upper (continuous) and lower (sim-
ply-supported) beams is shown in fig. 13.

At rated current mode, the eddy current losses in the
non-magnetic shelf of upper beam are 3.8 kW, in the fer-
romagnetic wall - 4.4 kW and 0.7 kW for hysteresis.

L
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.
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497607 feese 829092

Salges 1492001
Figure 13. Distribution of volumetric losses (W/m’) at
surface layer of ferromagnetic walls of the yoke beams
due to rated current mode of the windings
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In this case, maximum local losses occur due to
eddy currents in a relatively narrow shelf (but with a con-
siderable thickness) of the beam, at the point of its weld-
ing with the vertical wall. Temperature rise of the tank
above oil temperature at specified location makes up 23
K. Therefore, in total with temperature rise of top oil
above ACMT 35 K, maximum temperature rise above
ACMT of upper beam makes up 23 + 35 = 58 K, which is
less than the permissible value of 75K.

At MC mode, the beam temperature rise is approxi-
mately estimated as follows. The ratio of magnetic field
on MS core surface is used, i.e., practically in the region
of beam location, which is given in explanations to fig. 7.
It states that at rated current mode the magnetic field in-
duction component normal to the core surface is 147
mTesla, but at DC current mode it is 34 mTesla. That is,
the ratio 34/147 = 0.23 allows to estimate the losses in the
shelf at this mode by the value 3.8 * 0.232 = 0.2 kW. Us-
ing expression (7) and factor 7.5 for non-magnetic steel
from Table. 1, the temperature rise of the beam above oil
temperature is determined at total loss mode as 23 + 7.5 *
23 * 0.2 /3.8 =32 K and above ACMT - as 32 + 35 =
67K.

Losses, temperature rises in the tank and in the
tank cover. At rated mode the total loses in the tank
FEM-model in fig. 12 made up 73 kW, which corre-
sponds to the results of analytical calculation (68 kW). As
shown using the model in fig. 9, increase of the losses in
the tank due to MC in HV winding up to 101 kW, leads to
increase of maximum temperature rise of the tank surface
above ACMT up to 57 K, that is much less than standard
(normalized) value of 75 K. Thus, at the given mode
FEM-model in fig. 12 was not employed, but evaluation
of losses and temperature rises in the tank cover was
made using FEM-model improvement.

Mentioned FEM-model was supplemented by LV
leads and by cover model with insert made of non-
magnetic steel with rectangular notches — fig. 14.

Figure 14. Tank model with notches for leads in
nonmagnetic-steel insert

During type testing at the locations of loss
concentration, the maximum temperature rises of insert
surface temperature above ACMT was defined by thermal
imaging camera, it was equal to 78.8-20 = 58.8K (fig.
15b), that is close to calculated value of 58.1K.
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Figure 15. Distribution of calculated (a) and measured
(b) temperatures on the tank cover

Taking into account the available margins for tem-
perature rise at rated mode, and since the losses in the
cover are dependent mainly on the currents of LV lead,
which are unchanged, no evaluation of temperature rise of
the cover was carried out at DC level 10 A.

Note that in this section the approach to calculation
of winding currents, magnetic fields, and losses is
somewhat simplified with respect to the currents of MC
third and its multiple (odd) harmonics, transformed from
HV winding and closed in LV winding in case of delta-
connected circuit [21]. The magnetic fields of these har-
monics would need to be determined with a saturated
core, but due to the currents of these harmonics, both in
LV and HV. It should be borne in mind that their ampere-
turns are not equal due to non-perfect magnetic coupling
of the windings arranged on saturated core. Such currents
would determine some average distribution of power lines
between fig. 6a and fig. 6b. In this field it would be
necessary to determine the appropriate losses. With
significant MC value, the possible increase in losses in the
tank cover due to transformation of third and its multiple
harmonics into the winding and leading away of LV
should be considered. In this paper, the specified phe-
nomenon is not taken into account due to low values of
MC.

Losses, temperature rises in the magnetic system.
Fig. 16a shows distribution of magnetic induction in MS
central stacks at the timepoint of maximum voltage ampli-
tude at the extreme phase in case of rated AC mode. The
value of magnetic induction is close to 1.7 Tesla in the
cores, and 1.4 Tesla - in the yokes. The losses in the trans-
former MS are determined using the specific losses of
electrical steel in MS uniform areas, and in the zones of
the lamination re-stacking — taking into account the ap-
propriate loss increase factors [18].
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b)

Figure 16. Induction distribution in MS central stacks at
rated mode (a) and due to magnetic field of DC currents

(b)

The nature of induction distribution in the consid-
ered transformer MS due to magnetic field of DC currents
in HV windings of three phases is shown in fig. 16b. DC
magnetic flux induction is 0.4 Tesla in the cores, and 0.6
Tesla in the lateral yokes. Unidirectional magnetic flux in
the cores due to DC current during one of half-periods of
AD mode is superimposed on the main magnetic flux in
the transformer MS cores and leads to half-period satura-
tion of the cores and to generation of magnetizing current
in HV winding (fig. 2). In this case saturation of MS
horizontal and vertical yokes is also took place.

In current times, loss calculation at AD mode is
sophisticated due to insufficient knowledge of the
complex half-period back magnetization of steel along
«shifted» partial hysteresis (flux current) loop [11].
Therefore, in this paper the experimental data [11], [13]
are employed for evaluation of the losses, according to
which the increase in MS losses due to DC currents can
reach about 30%.

When designing the transformers, it is mandatory to
verify conformity of temperature rises of core inner stacks
and the yokes with the requirements of the standard [1].
To limit temperature rises, the core of the considered
transformer MS was designed with vertical cooling ducts.
During thermal calculations, the groups of stacks
separated by cooling ducts were replaced by equivalent
rectangles with uniform losses in the cross-section, having
anisotropic thermal conductivity and non-uniform heat
transfer conditions [20].

At rated mode the maximum value of temperature
rise of the core internal stack surface above ACMT was
evaluated as 68 K, which is less than the value 75 K. Loss
increase by 30 % for the given GIC level at steady-state
thermal mode is resulted in temperature rise value of 74K
above ACMT.

Noise, vibration. The transformer noise at rated AC
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mode was calculated using the method of empirical calcu-
lation [20]. It was evaluated, in particular, that the sound
level of the transformer under study at so-called distance
0.3 m made up 78 dBA. However, this method is
insufficient for similar calculation to be performed for AD
mode. Therefore, increase in sound level under effect of
GIC can be evaluated using the known experimental data.

For example, the report [9] presents (fig. 17) the
sound pressure dependences for single-phase transformer
374 MVA //525/\3 kV, measured at different DC currents
and at two values of nominal induction in MS core.

Even at DC current 2 A, the increase in sound level
reaches 15 dBA, that is, about 22%, and small increases
were observed at DC current 3.5 A. As stated in [13], the
increase in sound level by 30% was also measured at DC
current 2 A, and up to 33% at DC current DC 3.5 A for
the group of three single-phase autotransformers rated for
capacity 134.4 MVA, with guaranteed value of sound
level 69 dBA at rated induction in the core 1.717 T.

Thus, assuming approximately specified increase in
sound by 1.3 times for the transformer under study, the
sound level under effect of GIS is evaluated as the value
about 100 dBA.
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Figure 17. Dependences of sound level at different DC
currents and at two values of rated induction in MS core
for single-phase transformer 374 MVA //525/\3 kV

Increase in magnetostrictive forces during magnetic
biasing can also lead to increase in vibration as referred to
the tank walls and the elements attached. Testing of the
transformer under study has demonstrated a considerable
margin as for vibration levels, which allows assuming that
under effect of specified geomagnetic induced current, the
maximum values of vibration will also not exceed the
permissible magnitudes.
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V.CONSTRUCTIVE MEASURES FOR

IMPROVEMENT OF GEOMAGNETIC

WITHSTAND STRENGTH OF POWER
TRANSFORMERS

In the events of GIC effects, to improve geomag-
netic withstand strength of high-power transformers, the
constructive measures sufficiently well-known at present
time [17] - [20] can be taken.

The main measures of such nature are put in mind
below:

in the windings — decrease of the losses owing to use
of transposed conductors and the best compromise be-
tween the height and the width of conductor strands, by
the effect of application of effective transposition
schemes; decrease of temperature rises by means of en-
hancement of heat transfer, for example, owing to internal
vertical cooling ducts, arrangement of labyrinth-type oil
flow in the coil windings;

in the extreme stack of MS core — decrease of the
losses by reduction of lamination width; decrease of tem-
perature rises at lamination edge by means the cooling
duct adjacent to the extreme stack;

in the pressing (lifting) plate of MS core — minimiza-
tion of cross-section owing to reduction of axial pressing
forces of the windings and width decrease for individual
strips of the plate;

in the yoke beams — minimization of parts’ dimen-
sions made of ferromagnetic and non-magnetic steel ow-
ing to reduction of the forces and optimization of the
winding pressing design, use of magnetic shields;

in the tank — application of combined magnetic
shielding scheme of horizontal and vertical shunts with
increased cross-section;

in the tank covers — provision of non-magnetic steel
inserts in the covers, enlargement of distance between the
leads and the cover surface, close arrangement of the
leads of different phases, segregation of the leads into
parallel conductors, application of electromagnetic
shields, installation of magnetic field dividers in non-
magnetic inserts in the form of electric steel stacks;

in the magnetic system — decrease of the losses by
means of use of electrical steel grades with minimum spe-
cific losses and application of high-performance stacking
schemes, for example, step lap type; cooling with internal
cooling ducts.

To reduce the transformer noise and vibration, it is
recommended to use electrical steel grades with low level
of magnetostriction, step lap stacking schemes, minimiza-
tion of air gaps at the lamination joints, high-performance
pressing of MS parts, special processing (conditioning)
and pressing of the windings, including pressing by
means of hydro-spring systems, reinforcement of the tank
stiffeners and fastening of the attached elements, noise
control of the cooling systems (low-noise fans), acoustic
insulation of the transformer using the noise-mitigation
shields.
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VI. CONCLUSIONS

1. It is demonstrated by the calculations that direct
current of 10 A generated in HV winding under effect of
geomagnetic induced currents does not lead to consider-
able increase in losses and temperature rises in the wind-
ings of the considered five-core transformer rated for ca-
pacity of 630 MVA. Maximum increase in the tempera-
ture rise over ACMT, the same as noted in the standard
[1], takes place in non-magnetic pressing plates — from 50
K at rated mode, up to 63 K under GIC effect, in the ex-
treme stacks of MS cores — from 41 K up to 52 K. To a
lesser extent increase is taken place for the temperatures
above ACMT in the core internal stack — from 68 K up to
74 K, in the yoke beams — from 58 K up to 67 K, and in
the tank walls — from 47 K up to 57 K. Temperature rise
of non-magnetic insert in the tank cover can be consid-
ered practically unchanged.

The considerable enhanced sound level of the trans-
former is observed — from 78 up to 100 dBA.

2. Calculation results and their comparison with the
standard (normalized) wvalues confirm the withstand
strength of the transformer under study to the effects of
specified geomagnetic induced currents based on operat-
ing conditions. Constructive measures are recommended
for enhancement of such withstand strength.

3. For the case of orthogonal property of the vectors
of the windings’ rated currents and the vectors of the
harmonic components of peak unbalanced MC, the
method of calculation of Joule losses was proven as the
sum of losses generated due to these currents, using the
increase factors for ohmic losses, losses in non-magnetic
and ferromagnetic parts of the structure, which depend on
the harmonic spectrum of magnetizing current.
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PO3PAXYHOK JII1 IF'EOMATHITHUX IHIYKOBAHHUX
CTPYMIB HA ITIOTY’KHUU CHJIOBUU TPAHC®OPMATOP
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Memoro podomu € 6usHaUeHHsT CMIUKOCMI NOMYICHOZO CULO0B020 MPAHCHOpMamopa 00 Oill 2e0MASHIMHUX
IHOYKOBAHUX CIPYMIE MA KOHCMPYKMUGHUX 3aX00i6 01 i nidguwyenHs, npu HeoOXiOHOCH.

Memoou docniorncennsn. 3acmoco8ano aHariMuYHUL PO3PAXYHOK CIMPYMY HAMASHIYYSAHHS, SIKULL NIO OIEI0
2COMAZHIMHUX THOYKOBAHUX CIMPYMIB 30Y0HCYEMBbCS 000AMKOB0 00 HOMIHAILHOZ0 CMPyMYy 8 0OMomyi suujoi Hanpyeau.
Buxopucmano ananimuyni ma wuceibHi Memoou po3paxyHKy MAzHIMHOZ0 NOJs, 6MPAm, PO3PAXYHKOBO-eMNIPUYHI Me-

MoOuU BUSHAYEHHS. HA2PIGIS.

Ompumani pesynomamu. J[11 namucmpusicHeso2o mpauncgopmamopa nomyxcricmio 630 MBA npu 0ii eeo-
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MAZHIMHUX THOYKOBAHUX CIPYMIB 8U3HAYEHI NIOBULYeHT 8mpamu i HA2PieU eleMeHmMi8 KOHCMPYKYIL HA CIPUICHAX Mae-
HIMHOT cucmemu, baxa, nioguweHull pieeHsb 38)KY.

Haykoea nosusna. /{15 6unaoky opmo2oHaibHOCMi 6eKMOPi8 HOMIHATbHUX CIPYMi6 0OMOMOK | 6eKMopis 2a-
PMOHIYHUX CKIAO08UX NIKONOOIOHO20 HE30ANAHCOBAHO20 CINPYMY HAMAZHIYYBAHHSL OJICOYIe8l 6MPAMU NPEOCmAasiIeH]
CYMOIO 8Mpam 8i0 3a3HAYEHUX CIMPYMIE 3 BUKOPUCTIAHHAM KOeQiyicHmie niOBUWeHHs BMmpam OMIYHUX, 8 HEMAZSHIMHUX
i hepomazHimHux vacmurax KOHCMPYKYIL, KL 3a1exncams 6i0 apMOHIUHO20 CNeKMPY CMPYMY HAMACHIYYEAHHSL.

Ilpakmuuna yinnicme. I1iomeepodiceno cmiikicmob 00CIONCYBAHO20 MPAHCHOPMAMOPA 00 3a0AH020 PIGHS
2EOMAZHIMHUX THOYKOBAHUX CIMPYMIB, DEKOMEHOO08AHI KOHCMPYKMUBHT 3aX00u 0715 il nioguwenHs. Anpobosari memoou
MOACYMb OYMU BUKOPUCMAHT RPU PO3PAXYHKOBOMY NPOEKMYBAHHI, NPU O0CIIONCEHHI PeabHuX 6UNAOKie ekxcniyamayii
00671a0HAHHS.

Knrouosi cnosa: mpancghopmamopu; zeomazuimni inOyKoeani cmpymu; empamu; Hazpie; po3paxyHKu.
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2€0MACHUMHBIX UHOYKMUPOBAHHBIX MOKOE U KOHCIMPYKMUBHBIX Mep 0I5l ee NOBbIUEHUs, NPU He0OX0OUMOCTIU.

Memoowl uccneoosanusn. Ilpumenen anarumuyecKuil pacuem moxKa HAMASHUYUBAHUsL, KOMOPLIL No0 Oelicmeuem
2€0MACHUMHBIX UHOYKMUPOBAHHBIX THOKO8 8030Y4COAenCsi OONOIHUMENbHO K HOMUHAIbHOMY MOKY 6 00MOmKe 6bicuie-
20 Hanpsxcerus. FIcnonib306anbl aHarumuyeckue i YucieHHble Memoobl paciema MAasHUMmMHO20 NOJs, NOMepPs, paciem-
HO-9MRUpUYecKue Memoosl OnpeoeieHus: Hazpesos.

Hlonyuennsie pezyromamot. /[na namucmepicuego2o mpancgopmamopa mowpocmoro 630 MBA npu 6o30eticm-
BUSIX 2OMACHUMHBIX UHOYKMUPOBAHHBIX MOKO8 ONpeOeieHbl NOGbIUEHHbIe NOMEPU U HAZPEGL JIEMEHIMO8 KOHCIPYK-
YUU HA CMEPIUCHSIX MACHUMHOU CUCTEMbl, OAKd, NOGBIUEHHbLI YPOBEHb 36YKA.

Hayunasn nosusna. J[ns ciyuas opmo2oHAIbHOCHU 6eKMOPOS HOMUHALLHBIX MOKO8 0OMOMOK U GEKIMOPO8 2aPpMO-
HUYECKUX COCMAGISIIOUUX NUKOOOPAZHO20 HECOANAHCUPOBAHHO20 TOKA HAMASHUMUBAHUSL 0JICOYIe8bl nomepu npeo-
cmaesieHvl CyMMOU NOMeEPb 0N YKA3AHHBIX MOKO8 C UCHOb308AHUEM KOIDDUYUEHNO08 NOBbIUEHUS. NOMEPL OMUYECKUX,
6 HEMACHUMHBIX U (DEePPOMASHUMHBIX YACMAX KOHCMPYKYUU, KOMOPble 3A6UCII OM 2APMOHUYECKO20 CNEKmpa moKa
HAMACHUYUBAHUSL.

Ilpakmuueckas yennocmo. Moomeepoicoena cmoukoCmsb UCCIedyemMo20 MmpaHcHoOpMamopa K 3a0aHHOMY YPOGHIO
2COMACHUMHBIX UHOYKMUPOBAHHBIX THOKO8, PEKOMEHO0BAHbI KOHCMPYKIMUGHble Meponpusimusi 0Jis ee nogvluleHus. An-
Ppobuposanmbie Memoosbl MOZym ObiMb UCHOIL308ANbL NPU PACYEIHOM NPOEKMUPOBAHUU, NPU UCCIE008AHUU PedbHbIX
cayuaes sxcnyamayuu 060py008aHusL.

Knwuesvte cnosa: mpaucd)opmamopbt; 2eOMAZHUNIHblE uHOmeupoeaHnbte MOKU; nomepu,; nazpee; paciemnasl.
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