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ABSTRACT

Purpose. This article discusses how to choose the optimal number and load factor, respectively the economic power
in the first year of mining power transformers operation. The analysis is carried out based on technical-economic
criteria. In this regard, two economic criteria are proposed for a detailed analysis, namely the minimum updated total
expenses criterion and the minimum power and energy losses criterion.

Methods. For determining the number and the optimal load factor, the paper presents mathematical models for the
two eco-nomic criteria used. The results obtained by the presented methods are simulated using Matlab for several
series of under-ground mining transformers. Also, it is assumed that the load remains constant over the year.

Findings. The article confirms the possibility of using the analyzed economic criteria for establishing the optimal
number of mining transformers as well as the optimal load factor, respectively the optimal power for the first year of
operation. The difficulty of the research is related to the loss time assessment. Also, the paper presents the performed
comparative analysis of the two implications.

Originality. This research provides a novel approach, by the detailed presentation of the two criteria used for
describing the objective functions which have to be minimized in order to gain the optimum, referring strictly to
mining transformers, which represents a novelty for power engineering in mining.

Practical implications. The methods described in the article can be successfully used in the case of new mining
power networks which are going to be designed, and in the case of those currently in operation. Economic criteria
analysed also provide results for the economical regime of mining transformers which corresponds to minimum
energy loss. Therefore, this case also results in significant energy savings, i.e. lower economic criteria used.

Keywords: economic criteria, load factor, loss time, mining transformer, optimal power

1. INTRODUCTION the low or medium voltage electrical networks and in
the transformers.

In order to determine the optimal number and power of
the electrical transformers with which underground elec-
trical distribution stations are equipped, the technical-
economic and safety criteria in the power supply of the
mining consumers are used (Beshta 2012; Choi, Lee, Lee,
Lee, & Kang, 2018). The safety level required in the pow-
er supply of underground consumers connected to a min-
ing transformer station is achieved, if a reserve of power is
created in terms of the number of installed transformers.

In order to determine the optimal number and power
of electric transformers in underground power stations, it
is mainly sought to obtain the most technically and eco-
nomically convenient parameters (Song, Rinne, & van
Wageningen, 2013; Jonek-Kowalska & Tchorzewski,
2016; Peralta, Sasmito, & Kumral, 2016; Dubinski,
Prusek, & Turek, 2017). In this respect, it is necessary to
draw up a study based on the following elements:

— daily load curve for one work day and one rest day,

during typical consumption periods, summer and winter; A problem that still needs to be considered when choos-
— annual load curve; ing the size of the transformers is the evolution of the load
— curve of the classified annual loads; over time, in which case two types of compromises have
—the total maximum load, calculated from the {5 be taken into account (Zlender & Kravanja, 2011;

data on the load curves, plus the technological losses in Basu, 2017; Erdogan, Cigla, Topal, & Yavuz, 2017):
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— statically, if the load to be provided remains ap-
proximately constant and a compromise has to be made
between choosing a higher power transformer that has a
lower recovery cost on the installed kVA and a greater
number of transformers running in parallel (only for
transformation and distribution stations at the surface),
which reduces the reserve needed because the conse-
quences of a transformation unit failure are reduced;

— from a dynamic point of view, taking into account
the increase in the load over time, the relevant problem is
to know for how many years a transformer has to be
installed. If the number of years is low, the cost of re-
placing transformers will also increase, and if the number
of years is high, higher power transformers that will need
to be installed to avoid these frequent replacements also
incur large expenses.

There is also an optimal compromise in this area. In
this context, the problem of normalizing the power steps
of transformers also arises because it is not advisable to
use a number of different types of devices, both in terms
of manufacturing costs (serial effect) and maintenance
costs in respect to a certain number of devices of each
type (Doneva, Despodov, Mirakovski, Hadzi-Nikolova,
& Mijalkovski, 2015; Krawczyk, Majer, & Krzemien,
2016; Cichy, Sakowicz, & Kaminski, 2018).

Finally, some limitations of technical nature have to
be mentioned, such as: maximum number of gauges that
cannot be exceeded due to the difficult underground
transport conditions; maximum short-circuit powers at
lower voltage levels a.s.o., which can lead to choosing
values lower than the optimal ones, resulting in the
above compromises.

As it has been shown in this paper, establishing the
optimum operating mode for a transformer is not such a
simple problem. As a result, the analysis underlying
evaluation of offers for the purchase of transformers is
not easy either.

2. STATIC PROBLEM OF DETERMINING
THE OPTIMUM NUMBER OF
TRANSFORMERS CORRESPONDING
TO A MINIMUM ANNUAL COST

The first problem to be analysed is that of determining
the optimal number of transformers to be installed in an
underground distribution station in a given year. To begin
with, we assume that the power to be provided by the
underground distribution station remains approximately
constant over time and that the power of the transformers
is not subject to certain technical and safety restrictions
(Meira, Ruschetti, Alvarez, & Verucchi, 2018).

In accordance with the general theory of the design
and construction of underground and surface power
transformers, it can be considered that the active material
within the same series of transformers, power losses
related to the idle operation of the transformer and the
losses in short-circuit regime operation are generally
grouped around a characteristic that varies once with the
apparent nominal power of the transformer to the f
power, according to equation (1):

Y=K-S5, (1)

where:

Y — characteristic to which reference is made (loss of
power in idle operation, loss of power in short-circuit
operation etc.);

Sy —the nominal apparent power of the transformer
in kVA;

K — coefficient or proportionality factor specific to
each characteristic, an exponent that can take the value
2/3 or 3/4 for some series of transformers.

Similarly, as mentioned above, it is considered that
the cost of the transformer follows the same law of varia-
tion. To determine the optimal number of transformers
from a transformer station, we will assume the following:

S —the maximum consumption served by the trans-
formation or distribution station, MW

Sar—the apparent nominal power of the transformer
installed in the transformer or distribution station, MVA;

N —number of transformers installed in a power dis-
tribution station;

Cr— the cost of a power transformer S,r, €;

C. — the cost of a transformer cell from a transformer
or distribution station, €;

vt — the equivalent annual cost of a Joule loss mega-
watt at the annual load peak, €/ MW;

yo — the annual cost of a megawatt of losses, constant
throughout the year (iron losses in transformers), €/ MW.

2.1. Analytical expression of transformers cost

The following transformer cost variation law accord-
ing to size was admitted:

B
S
70

where:

Cr — cost of a power transformer Sro.

This law in S%,r, results from the fact for a given in-
duction and current density, the mass of a transformer
varies sensitively with the f power from the nominal
apparent power of the transformer.

2.2. Active power losses in idle operation

The law that gives the variation of active power loss
in idle operation, depending on the nominal apparent
power of the transformer, is in a first approximation of
the same form as the preceding one:

B
S
APg, :APFeO'[_SnTJ :ao‘SnﬁT : 3)
70

2.3. Active power losses in short-circuit operation

For a given transformer family (i.e. for transformers
having the same primary and secondary voltages), the
resistance R varies sensibly, inversely proportional to the
apparent rated power of the transformer:

R'SnT =R0'ST0‘ (4)

Joule power losses (A4Py) for the annual load peak or
the active power losses in short-circuit operation in a trans-
former are calculated based on the following equations:

RS> Ry-Spg S* 52

U?-n? U?

APk = )
n 'SnT

n2 . SnT
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or:

B

S

APk:APkO.[SnTj =0!k~SnﬁT. (6)
T0

2.4. Analytical expression of annual
investment costs and power losses

Next, if a is the update rate, the annual global invest-
ment costs and power losses are:

C=n-a-(CT+Cct)+n-AP0-}/0+n-APk~7/k. (7)

If the relations (2), (3) and (6) are replaced in the ana-
lytical expression (7), it results in:
C=n-a-Cy+n-(a-ap+ay-y)x
52 ®)

I’l‘SnT '

XSap + 0 Yy

In order to simplify the power supply safety issue, it
is assumed in this calculation that the supply of the con-
sumers at load peak can be ensured by other means in the
case of the transformer unavailability, taking into ac-
count the following equation:

1.25-(n=1)-S,7 =S, )

where:

1.25 is the maximum admitted overload factor for a
transformer in case of failure.

If Sur is replaced by its expression in terms of S, the
value of the annual cost is:

2
C=K-|Ad-n+B-n-SH+C- S, (10)
n-our
where:
A=1.15-a-C,;
B=a-op +ay ;> (11)
C=l.43'ak'7k,

and K, being a factor resulting from the calculations
performed, has a value of 0.69.
After performing the replacements, the expression of
the annual cost can be written as follows:
2/3 _
S c" gl (12)

C=K:-|A-n+B-n- +
(n-12" n

The number of transformers which delivers the mi-
nimum cost, assuming the function is continuous, will be
defined by equation (13):

E:K. A+B-Sz/3-n;32/3+(f-% =0. (13)
dn 3-(n—1) n

This relationship shows that » cannot be more than 3
and that the coefficients 4, B and C are positive. In prac-
tice, it can be verified that the value of the minimum cost
is always obtained for n = 2.

If the function F(S) is considered to be equal to the
annual cost difference corresponding to n =2 and n =3,
it results in the following:

F(S):K-(A—OJLB-SM+C-%j. (14)

The minimum of this function is:

3
B
Shin =[O.44-Ej . (15)

It can be noted that F(Smin) is always close to the
value K-4-C >0.

Finally, it is mentioned that the optimal number of
transformers in a transformer station is two or three,
depending on the safety criteria adopted, and that a larger
number of power transformers can only result from tech-
nical conditions independent of the economic optimum.

3. DETERMINATION OF MINING
TRANSFORMERS OPTIMAL POWER
BASED ON ECONOMIC CRITERIA

In order to determine the optimum power of a trans-
former, namely the setting of the initial values for the
first year of operation (load cofactor at its lower limit
kiinr) of loads at the annual load peak, the following op-
timization criteria can be used, namely (Pasculescu,
Vlasin, Florea, & Suvar, 2017; Pasculescu, Vlasin, Su-
var, & Lupu, 2017):

—minimum updated total expenses (CTA), which
takes into account both the cost of the transformer and
the loss of power and energy. If the update rate is not
taken into account, there is a particular case consisting in
minimizing the annual calculation costs;

—minimum power and energy losses (CPW), in
which case the cost of the transformer is neglected.

In the case of a transformer, an economic operation pe-
riod is defined as the number of years until its maximum
load level increases about 1.6 times the initial value,
considered economically optimal for the first year since
installation (Pasculescu, Lupu, Pasculescu, Inisconi, &
Suvar, 2012; Chueco, Lopez, & Bobadilla, 2015; Gouda
& El Dein, 2015; Vagonova, & Volosheniuk, 2012).

The “n” number of years for one of these economic
intervals of the transformer depends primarily on the
value of the increase in the annual load peak during that
period and can be approximated with sufficient accuracy
based on the equation (16):

(1+7)" =16, (16)

where:
r — coefficient that takes into account the dynamics of
the load during the considered period.

3.1. Minimum updated total expenses criterion

The analytical expression of the updated total ex-
penses (CTA) determined for the purchase, installation
and operation of a power transformer at a certain load
regime over a period of n years can be determined as:
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T,
CTA, =T—”~

20

2
S
Cr +Co-ARy +Cy - AP, [ Mlj . (17)
SnT

where:
C():Cp+CW'Tf.T20; (18)
Ck = CP +CW 'T'Tzo -m,.,
where:

CTA, — the sum of total updated expenses for a period
of n operation years, €/an;

T, —updated size of operation duration of n years
expressed as:

T:

n

1(1+a)"c, (19)

7 M=

where:

Cr— cost of the transformer, including its installation
costs, €;

Co — updated cost of an iron power loss unit for a pe-
riod of n years of operation, €/kW,;

AP, — active power losses in the iron (power losses
during idle operation) of the transformer, kW;

Cr—updated cost of a short-circuit active power loss
unit by assuming an increase rate » of the annual load
peak, €/kW;

APy, —nominal power losses in short-circuit opera-
tion (transformer operating at nominal load), kW;

Cp—specific cost of the power installed in
base-equivalent electrical power plants, in up-to-date
values, €/kW;

Cw — the average cost on the system of kilowatt-hour
losses calculated for the MV/LV station, €/kWh;

Sy — maximum apparent power for the first year of
operation of the transformer, kVA;

S,r— nominal apparent power of the transformer, kVA;

m, — load multiplier expressed by relationship (20):

1 n—1 (1+r)2m
m, = ) , (20)
(1+a)-T, m=o (1+a)m

where:

r —the rate of increase in annual load peaks in that
period, and a the update rate. If » = 0 and n = 20 years are
considered, the load multiplier m, = 1;

7 —the calculation time of the annual energy techno-
logy losses in h/year, whose value can be taken from
diagrams or can be calculated with equation (21) or (22):

10000+ T
£ =Ty, 2000+ sy 1)
27520~ T,
or:
_4\?
7=8760-(0.124+ Ty, 107, (22)
where:

T'sp — duration of using the apparent maximum annual
power, expressed in h/year, which can also be approxi-
mated with sufficient accuracy by the relation (23):

Wh +W2
Tgy =1.03. 117700 (23)
S

where:

Wpi si Woi — estimates of the total active energy and
the total reactive energy expected to be transited through
the transformer during its first year of operation;

Ty— transformer running time, in h.

The loss of active power in idle operation, short-circuit
active power losses as well as the cost of the transformer
can be replaced according to the current hypothesis, de-
pending on some specific values related to the nominal
load of the transformer (S,7), to the power S, as follows:

Cr=or-S,r”;
APy =a S, (24)
APk = ak SVlTﬂ

If the relationships (24) are substituted in relation
(17), and the value of f is considered 2/3, then:

T,
CTAn = T2n0 [(QT +0(0 .CO).SnTZB +

2
Sy _
S rars

In order to determine the optimal nominal power, at
which the minimum total updated expenses are reached,
the order 7 derivative is calculated according to the S,r
and the expression is obtained:

(25)

+0{k 'Ck .

d(CTA T
( n):g. 11/3. n .[(QT_{_O[O.CO ]_
as,r 3857 T
26)
) , (
d(CTA
—2-ak-ck-[SM1J : ( ”)=0.
SnT dSnT

The analytical expression of the optimum load factor
(kiinf) corresponding to the annual load peak, after sol-
ving the equation (26) is:

or +0!0-C0

Ky ing = —”;M L=0.707 27)

nT oy - Cy

Finally, if the relationships (18) are replaced in rela-
tion (27), the following analytical calculation expression
is used for calculating the optimal initial loads corre-
sponding to the annual peak load:

or +04 - CP +T, 'T20 CW
kIAinf = 0707\/ ( / ) . (28)

o (Cp+7-TygCyy -m,.)

The analytical expression of the optimal power corre-
sponding to the first year of operation (Syn) of a trans-
former is:

0(T+a0~(CP+Tf-T20~CW) (29)

SMl :O707S T
"\ e (CpTTyy -Gy omy)
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In the second case, where fis considered to have va-
lue 3/4, the analytical expression of the total updated
expenses is:

2
T, S
CTAn =_n. ((ZT +(Z0'C0)'SS§*4+(Z]( 'Ck EM1 (30)
20 nT
In order to determine the optimum nominal apparent
power, the lower limit load factor, for which the total
updated expenses are minimal, similarly to the above-
mentioned case, i.e. the order I derivative is cancelled in
relation to S,r and obtained via:

d(CTA T
( n)zl. 11/4._”.[3.(0(T+a0.co )_
dSnT 4 SnT T20
, )
d(CTA
—S‘Qk'ck'(SMlJ 5 ( n)ZO
SnT dSnT

By solving the equation (31), the analytical expres-
sion of the optimal load factor (kzinf) at the annual load
peak with = 3/4.

K ing :M =0.775 LO{OCO ) (32)
Sar \ -Gy

If the relations (18) are substituted in relation (32),
the following analytical expression of the optimum initial
loads at the annual load peak is obtained:

o +0(0- Cp+T ‘T20‘C
kl.inf=o.775\/ r+eo (CrtTy v) . (33)
@, (Cp+7-TyCyy -m,.)

This equation is used for determining the analytical
expression of the optimal power in the first year of a
transformer operation:

aT+0!0-(CP+Tf-T20~CW) (34)

SM] :0775S T
! o (Cp+7:TygCyy -m,.)

The optimum loading coefficient (k;inr) at the annual
load peak, in respect to the optimal power in the first
year of operation of a transformer, is determined on the
basis of the CTA criterion by equation (35):

. _SMI_ \/O!T+a0-(CP+Tf-T20~CW).
Linf — -

Sur o -(Cp+7-Tyy-Cy-m,)

. (39)

b}

s 5 s aT+a0'(CP+Tf'T20‘CW)
M1=6" T
"\ o (Cptt-Tyg - Cy-m,)

where:

¢ —a coefficient with the value of 0.707 or 0.775
depending on the value taken into account f, namely
2/3 or 3/4.

For the current series of transformers in explosion-
proof construction (TT — AN), the value of the final load,
indicated for the transformer with an immediately higher
step, is determined by equation (36):

k
kl.sup =1.6-k;jnr = kl.sup =16. (36)

[.inf

Figure 1, using equation (35), presents the variation
of the optimal load factor for different values of the
kilowatt-hour losses cost Cy.

kv 4 Sut _ Swar
ky =k iy = =
Sar - Sar
Cp > >
D Cyp =0
kv

Cy

Cys
Cp >

Two T, { h . }
vear

Figure 1. Economic loads for the annual load peak, for the
series of TT — AN transformers

It can be seen from the diagram that all the characte-
ristics of different specific values of the Cy kilowatt-hour
losses cost pass through a fixed point denoted by D, in
which the derivative of the lower limit load factor rela-
tive to Cy is cancelled:

dkl.inf =0. (37)
dcyy

In this way, we may determine the ordinate and the
abscissa of point D.
[ T r C P

ty=—— T (38)
ar +0(0-m,,-CP

The value of the ordinate of point D is obtained from
relations (28) and (33), if the kilowatt-hour energy loss
cost is considered Cy = 0.

ar+oy-C
kip=¢& ST 70 P (39)
\ o -Cp

Data for 7p and k;p are obtained by replacing the pa-
rameters of the respective relations with numerical values.

Values of parameters 7p and k;p will be calculated at
the end of this section where some case studies will be
analysed for different transformers in the series TT — AN.

As the specific energy losses cost Cy grows, the opti-
mal load factor at peak decrease or increase depending on
the number of usage hours of the maximum load Ty is
higher or lower than Ty p calculated using equation (40):

T,

m

wp =10% 8220 ~1240. (40)

In the hypothesis of a minimum total updated expen-
ses, the theoretical field of variation of the optimum load
at peak in Figure 1 is limited by two characteristics.
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One of the characteristics corresponds to the kilowatt-
hour losses cost equal to zero:

kl' f= lim
g0

:f aT +CP40(0 )
Cp~ak

Respectively, for the second characteristic we obtain
the following equation:

\/a’r+0{0~(Cp+Tf~T204CW)

ak‘(CP"_T'TZO'CW’mr) _. 41)

. (42)

\/aT+a0~(CP+Tf~T20~CW)

kyie= lim
Linf C ak~(CP+T'T20'CW'mF)

W

oy-T
) S
ak -T~mr

where:

&can be 0.707 or 0.775 depending on the performed as-
sumption, namely the value considered for 5 of 2/3 or 3/4.

The main case studies will be presented below to
highlight the manner of application of the method under
analysis based on the CTA criterion in order to determine
the optimal load factor and the optimum power of the
TT — AN mining transformers with different transfor-
mation ratios.

3.1.1. Case study 1

Figure 2a — 2f show the values of the initial economic
loads for different values of the kilowatt-hour losses cost
Cw and parameters of the current series of TT — AN
explosion-proof mining power transformers.

The economic power (Sin1) and the optimum load fac-
tor (kv = kiinr) for the TT — AN 6/0.4 kV series of trans-
formers were determined considering m, =1 for the two
assumptions analysed according to the value of £.

In the first case, we considered = 0.66, and in the
second case f=0.75. We also considered the increase
rate of the annual peak loads r=0, so the load is as-
sumed to be constant over a year. The abscissa of the
intersection point D, and, respectively, the ordinate of the
intersection point D, were calculated for m, = 1.

The intersection point D of the three characteristics,
which correspond to the different specific cost values of
the kilowatt-hour losses cost Cy, was not shown on the
graphs below to avoid too bulky figures. This was high-
lighted in Figure 1.

The number of hours of the annual maximum load
use corresponding to the intersection point D,
(Twaxo = Tp), was determined by equation (39). The
calculation time of the annual technological losses T was
calculated by equation (22).

The results obtained from the simulation as well as
the input data for the parameters of the transformers
analysed are summarized in Table 1.

The graphs shown in Figure 2a — 2f were plotted using
the Matlab-Simulink software package for the TT — AN
transformer series with 250, 400 and 500 kVA nominal
powers, and the transformation ratio 6/0.4 kV, taking into
account the annual growth rate r of the load peaks.

The economic power of the transformer is, in fact, the
maximum value of a constant power over the duration of
the operation which, when transiting through the trans-
former, produces minimum power losses. Low-loss
transformers use more and better materials for their con-
struction and are thus initially more expensive than low-
cost transformers. For distribution and power transfor-
mers, which operate continuously and most frequently in
loaded condition, this consideration is especially im-
portant. By stipulating loss evaluation figures in the
transformer inquiry, the manufacturer receives the neces-
sary incentive to provide a loss-optimized transformer
rather than the low-cost model.

It can also be observed that with the increase in the
specific power losses cost (Cy), the optimal load factor at
the annual load peak (ky) decreases or increases, depen-
ding on the variation in the use time of the maximum
annual load. In the case studies presented in this section,
the value of the specific cost of power installed in base
equivalent stations in updated values is Cp= 1250 €/kW
respective to the real value of the specific power losses
cost Cy 0.06 €/kWh.

3.1.2. Case study 2

Figure 3a — 3d show the values of the initial economic
loads for different values of the kilowatt-hour losses cost
Cw and of the parameters of the current series TT — AN
6/0.69 kV explosion-proof mining power transformers.

The results obtained from the simulation as well as
the input data for the parameters of the transformers
analysed are summarized in Table 2.

The graphs shown in Figure 3a — 3d were plotted using
the Matlab-Simulink software package for the TT — AN
transformer series with 400 and 500 kVA nominal powers,
and the transformation ratio 6/0.69 kV, not taking into
account the annual growth rate r of the load peaks.

A simplified method for a quick evaluation of differ-
rent quoted transformer losses involves the following
assumptions:

— the transformers operate continuously;

— the transformers operate at a partial load, but this
partial load is constant;

— additional cost and inflation factors are not considered;

— demand charges are based on 100% load.

3.1.3. Case study 3

Figure 4a — 4f show the values of the initial economic
loads for different values of the kilowatt-hour losses cost
Cw and the parameters of the current series TT — AN
6/1.05 kV explosion-proof mining power transformers.

The results obtained from the simulation as well as
the input data for the parameters of the transformers
analyzed are summarized in Table 3. The graphs shown
in Figure 4a — 4f were plotted using the Matlab-Simulink
software package for the TT — AN transformer series
with 250, 400 and 630 kVA nominal powers, and the
transformation ratio 6/1.05 kV, not taking into account
the annual growth rate r of the load peaks.

The equations used to determine the optimum
power, respective to the optimal load factors at the
annual load peak are the same as for the case studies
presented before.
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Figure 2. Economic loads for the annual load peak, determined based on the CTA criterion, for series of transformers type
TT - AN 6/0.4 kV: (a) Sur =250 kVA, = 0.66; (b) Sur =250 kVA, f=0.75; (c) Sur=400 kVA, = 0.66; (d) Sur=400kVA,
P=0.75; (e) Sur= 500 kVA, = 0.66; (f) Sur =500 kVA, p=0.75

Table 1. Input data and simulation results for the parameters of transformers type TT — AN 6/0.4 kV

Snr U1/ Us APy APy Cr p ) Tp
[kVA]  [kVAV]  [kW]  [kW] [€] 0.66 075  0.66 0.75 [hyear]  [h/year]
kip = kvp Sm
250 6/0.4 1.3 2.3 8500 1.33 1.45 332.5 362.5 1406 2766
400 6/0.4 1.5 3.1 10000 1.24 1.36 496 544 1383.2 2733.6
500 6/0.4 1.63 3.6 11500 1.22 1.34 610 670 1318.4 2639.5
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Figure 3. Economic loads for the annual load peak, determined based on the CTA criterion, for series of transformers
type TT—AN 6/0.69 kV: (a) Sur=400kVA, f=0.66; (b) Sur=400kVA, p=0.75 (c)Sur=500kVA, p=0.66;
(d) Sur=500kVA, p=0.75

Table 2. Input data and simulation results for the parameters of transformers type TT — AN 6/0.69 kV

Snr U1/ Us APy APk Cr p ™D Tp
[(kVA]  [kVAV]  [kW]  [kW] [€] 0.66 075  0.66 0.75 [h/year]  [h/year]
kip = kvp Sm
400 6/0.69 1.5 3.2 10000 1.24 1.36 496 544 1327 2652
500 6/0.69 2.75 2.6 11750 1.53 1.67 765 835 1983 3517.5

The quality of a transformer is based on the quality of
all processes that are necessary — from the project initia-
tion to the project completion.

As an example, the added cost of loss-optimized
transformers can in most cases be recovered via savings
in energy use in less than three years.

In the case studies presented above, we considered all
types of mining transformers from the series TT — AN of
6/0.4, 6/0.69 and 6/1.05 kV used in the power distribu-
tion systems of Romanian underground mining units.

At the same time, based on the graphs, the optimal pow-
er of the TT — AN mining transformers can be determined.

3.2. Minimum power and energy losses criterion

Minimum power and energy loss (CPW) represents
another optimisation criterion which is obtained via the
analytical expression of CTA from equation (17) not

taking into account the specific investment cost for po-
wer transformers Cr= 0, resulting in:

2
CO-APO+Ck-APkn-(§M1J. (43)

T,
CPW” —_n_
T; nT

20

By analogy with the CTA criterion, following the same
steps, the calculation relation of the optimum load factor to
the annual load peak for a transformer is determined:

.in :
Snr o (Cp+7-Ty-Cy -m,.)

where:
& is 0.707 or 0.775 depending on the performed
assumption.
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Figure 4. Economic loads for the annual load peak, determined based on the CTA criterion, for series of transformers type

TT—-AN 6/1.05 kV: (a) Sur =250 kVA, B = 0.66; (b) Sur =250 kVA, f=0.75; (c) Sur =400 kVA, = 0.66; (d) Sur =400 kVA,
P =0.75; (e) Sur= 630 kVA, = 0.66; (f) Sur =630 kVA, f=10.75

Table 3. Input data and simulation results for the parameters of transformers type TT — AN 6/0.4 kV

Snr Ui/ APo AP Cr g ™ Tp
[kVA] [kV/kV] (kW] [kW] (€] 0.66  0.75 0.66 0.75 [h/year] [W/year]
kip = kvp St
250 6/1.05 1.3 25 8750 128 141 320 352.5 1372 2717
400 6/1.05 1.6 3.5 11000 122 134 488 536 1347.7 2682.3
630 6/1.05 2.1 42 13500 124 136 7812  856.8 1426 2795
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The abscissa of point D (Fig. 1) is:

oy T, -C T,
p=—-~L L=, (43)
oy-m,.-Cp m,
for » =0 and m, = 1, the above equation becoming;:
p=Ty. (46)

With the help of Smi which takes into account both
the characteristics of the transformers and the load
curves, we can find the degree of utilization of the eco-
nomic capacity for which the losses are minimal. Similar
to the CTA criterion, in the case of minimal expenses for
total loss of power and electricity, the theoretical range
of the optimal load at the annual load peak in Figure 1 is
limited by two characteristics. One of the characteristics
corresponds to zero kilowatt-hour loss cost of zero and is:

: & (Cp+Ty Trg-Cy )
0| Nay (Cp+7-TygCyy-m,.)

kp= lim =
CW d
NCY)
o,
=£ |20
O
respectively for the second characteristic we have:
. % -(Cp+TsTry-Cyy)
b = i (G aeT Gy o) |
e . T -Coy -1
w k P 20 "W r (48)

0(0-T
Y i
o Tom,

From the analysis of the CTA, CPW criteria for de-
termining the optimal charging coefficient of the trans-
former distribution networks, is derived based on the
value of Syn set on a random basis.

3.2.1. Case study 1

Figure 5a — 5f present the initial values of the optimal
load factors (kiinf) for the series of TT — AN mining
transformers of 6/0.4kV and the final maximum load
values (kisqp) for which it is advisable to replace with an
immediately higher power rating, calculated with the
CTA method and the CPW method.

As can be seen from the following diagrams, the ini-
tial values of the load factors in the hypothesis of a min-
imum CPW result in about 25% lower value than the
assumed minimum of total updated expenses.

The optimal load factors (kiinf= kii, kisuyp = kis) were
calculated on the basis of the current cost of the kilowatt-
hour electricity losses, respectively with Cy= 0.06 €/kWh.
The load is considered constant over time, so the load
multiplier is m, = 1. The input data for 6/0.4 kV TT — AN
type transformers are shown in Table 1.

3.2.2. Case study 2

Figure 6a — 6d present the values of the initial and fi-
nal economic loads for the annual load peaks (kiinr = ki,
kisup = ki), neglecting the growth rate  of the load (for
r=20 (results m, = 1) for the current series of TT — AN
transformers of 6/0.69 kV depending on the maximum
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annual load usage time Ty, by using also the two optimi-
zation criteria analysed in this section, namely: the CTA
criterion and the CPW criterion.

The graphs in Figure 6a — 6d were plotted using the
Matlab-Simulink software package. The input data for
6/0.69 kV TT — AN transformer parameters are synthe-
sized in Table 2.

It can also be noted that the energy losses during
idling are of great importance, although the value of the
power loss is 18 —25% of the value of the losses asso-
ciated with the maximum duration of the load.

This is generally due to charging under the
rated power of the transformer, which is usually
1 <Kiint = Sy/Snr < 3.2 and 7 between 2500 and 5000 h/yr.

In the case of the TT— AN mining transformer
of 6/0.69kV, 500kVA resulted in the loss ratio
APy APr=1.02, because iron losses are higher than
copper losses.

For values of the fill coefficient 0.35 and 0.6, the
economic load factor value is 87.46 and 96.25% respec-
tively. In this situation, it will not operate at such loads as
it is very dangerous during charge peaks, which exceed
the transformer power, have Smax = 2.5S,r. Also, it will be
watched in operation that the transformer will operate at
a lower limit load. If the transformer operates at the cal-
culated economic load factor [1.2, 1.5], the energy losses
are high (4W,=1[90.79, 131.17] kWh/day).

3.2.3. Case study 3

Figure 7a — 7f present the values of the initial and final
economic loads for the annual load peaks (kiint= kij
kisup = ki), neglecting the growth rate 7 of the load for the
current series of TT — AN transformers of 6/1.05 kV de-
pending on the maximum annual load usage time 7y, by
using the two optimization criteria CTA and the CPW. If
the growth rate of the annual load peaks is not taken into
account, the initial loading coefficient resulting from the
calculation, regardless of the analysis criteria presented in
this paper (CTA and CPW), will be taken less, in order to
leave a reserve in case of future consumption increase.

In other terms, knowing that for the calculation of the
optimal load capacity of the transformers, the maximum
power enters the first year of exploitation, we can con-
clude that in determining this power (and thus the load
factor), two elements must be taken into account:

— the loss factor calculation value, which as has been
shown, typically has a value different from the actual
value;

— the value of the iron and copper losses of the trans-
former (4Po, AP), which also differ depending on the
different types of transformers, or which may undergo
changes over time as a result of repairs, for the same
types of transformers.

The calculated charge is hypothetical because the ac-
tual load in operation is different from the one resulting
from the calculations made for different types of trans-
formers. If the real load is equal to the calculated value,
this would be valid for a short time [1, 2], or the CTA
calculation is done over a long time [20, 30], during
which the load will certainly be varied within certain
limits, compared to the initial load (optimum load factor
in the first year of operation).
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Figure 5. Economic loads for annual load peaks, determined based on the CTA and CPW criteria, for the current series of trans-
Sformers type TT — AN, of 6/0.4 kV: (a) Sur =250 kVA, f=0.66; (b) Sur=250 kVA, =0.75; (c) Sur =400 kVA, f=0.66;
(d) Sur =400 kVA, f=0.75; (¢) Sur =500 kVA, = 0.66; (f) Sur =500 kVA, f=0.75

The lower the transformer load, the higher the chance
of overloading in case of failure. The graphs in Fig-
ure 7a — 7f were plotted using the Matlab-Simulink soft-
ware package. The input data for 6/0.69 kV TT — AN
transformer parameters are synthesized in Table 3.

The current transformer series manufactured in Ro-
mania have the ratio APy/AP; = [0.15, 0.2], in the case of
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normal TTU — NL transformers, being in this way rela-
tively economical for any type of load curve. In the case
of TT — AN type mining transformers, the ratio of losses
is much higher, with a value of 4Py/4P;=1[0.45, 1.05],
their optimal operating regime being obtained for load
curves with higher filling factors.
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Figure 6. Economic loads for annual load peaks, determined based on the CTA and CPW criteria, for the current series of trans-
SJormers type TT — AN, of 6/0.69 kV: (a) Sur =400 kVA, = 0.66; (b) Sur =400 kVA, = 0.75; (c) Sur =400 kVA, = 0.66;

(d) Sur=500kVA, f=0.75

4. CONCLUSIONS

The central theme of this paper is determination of
the optimal number and optimal coefficient of power
transformers incineration in underground mining.

Currently, in the majority of cases encountered in
practice, it is economically feasible for the underground
distribution stations to be equipped with as few trans-
formers as possible.

In some cases, when the safety conditions in the
power supply require it, or when the consumption ex-
ceeds the maximum power of the existing units, several
transformer units can be provided in an underground
distribution station.

Determining the optimal number and power of trans-
formers by economic criteria refers to all nominal power
steps of a series of transformers designed on a unitary basis.

The number of transformers that will equip the trans-
former station or power plant shall not be greater than
three and shall be set in such a way as to ensure continui-
ty in the electricity supply to consumers, according to
their category of importance:

— for zero-rated consumers, a 100% reserve is provided;

—in the case of category I important consumers, se-
veral transformers will be selected so that each of them
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will provide the power of category I or zero consumers
as the case may be;

—in the case of category II and III consumers of im-
portance, no reserve is foreseen, the continuity of the
supply being ensured by network back-up links, where
economically indicated.

The above result (z = 2) has been achieved because of
unavailability of a single transformer, and given the una-
vailability of two power transformers, the number of
transformers within the power transformation and distri-
bution station is n = 3.

To make the least possible investment, the number of
transformers installed in a distribution station must be mi-
nimal. In addition to the fact that for average power trans-
formers, the specific cost, expressed in €/kVA, is lower, the
reduction in the number of transformers simplifies the con-
figuration of the electrical scheme and implicitly saves
switching, measuring and protection equipment, etc.

To make the least possible investment, the number of
transformers installed in a distribution station must be
minimal. In addition to the fact that for average power
transformers, the specific cost, expressed in €/kVA, is
lower, the reduction in the number of transformers simpli-
fies the configuration of the electrical scheme and implicitly
saves switching, measuring and protection equipment, etc.
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Figure 7. Economic loads for annual load peaks, determined based on the CTA and CPW criteria, for the current series of trans-
Jormers type TT — AN, of 6/1.05 kV: (a) Sur =250 kVA, = 0.66; (b) Sur =250 kVA, =0.75; (c) Sur =400 kVA, f = 0.66;
(d) Sur=400kVA, f=0.75; ¢) SnT=630 kVA, =0.66; ) SnT=630 kVA, f=0.75

The optimal use of the transformer charging capacity
allows the power to be lowered and thus to save electrici-
ty. The operating costs to be considered in the analysis
and evaluation of the optimum operation of the trans-
formers are due to power or energy losses. These power
or energy losses occur both in transformers and in elec-
trical distribution networks during their operation.
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Underground distribution stations should also be
analysed from the point of view of the consumer, the
environment in which they are located and the configu-
ration of the MV and LV power networks connected to
these stations.

Analysis of the load capacity of a transformer is usu-
ally done for several purposes:
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— for verifying the capacity of an existing transformer
in operation to meet the requirements (without overloa-
ding in value and duration);

— for comparing the operation regime, performed in
relation to the optimum regime of the existing unit;

— for analysing the opportunity of replacing, on eco-
nomic efficiency criteria, one transformer with another
having different technical characteristics (nominal pow-
er, power loss in idle and short-circuit operation, idle or
magnetized current, short-circuit voltages etc.).

A correct analysis should take into account both the
costs of acquiring, installing and maintaining the trans-
former, as well as the cost of energy losses produced
during its operation.

In order to determine whether a transformer meets the
requirements of the network, it is obviously necessary to
know the consumption characteristics.

As it has been shown in this paper, establishing the
optimum operating mode for a transformer is not such a
simple problem. As a result, the analysis and the evalua-
tion of offers for the purchase of transformers are also
not easy.

If the assessment of acquisition, installation and
maintenance costs is simple, the evaluation of power and
energy losses and costs becomes a more complicated
problem because the following aspects need to be con-
sidered when analysing the cost of losses:

—because the load coefficient of a transformer is
tracked across the entire range of possible loads, it is
normal for the cost loss analysis to be performed across
this range;

—this range has to be chosen so that along its
entire extent the losses obtained should be as small as
possible;

— this range must be chosen so as to use the trans-
former capacity as much as possible;

— the choice of the optimal load range has to be per-
formed such that over its entire range no load peaks
would occur and which would result in hazardous over-
loads, above the admitted limit.

In all practical cases, the optimal solution is to use the
transformer with the nominal power nearest to the theo-
retical value resulting from the Syrmax calculations.

If transformers differing by no more than half a step
from the theoretical optimum are used, CTA increase
will not usually exceed 2 and 3%.

If the S,rmax theoretical optimal power would result
very closely to a standardized value and would instead be
chosen an immediate higher step, then CTA increases by
approximately 10 and 12%.

The results obtained from the simulations presented
in the case studies show that the values of the load fac-
tors, and respectively the optimal power of the mining
transformers, are higher than those of the factors from
the surface because the ratio of the losses is higher.
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EKOHOMIYHI KPUTEPIi ONTUMI3AILI KIIBKOCTI
IMAXTHUX TPAHC®OPMATOPIB TA iX HABAHTAXKEHHSA

. IMackynecky, JI. [Tana, B.M. Ilackynecky, @. Jleniy

Merta. Y craTTi 06roBOpIO€THCS MpobdiaemMa BHOOPY ONTHMAIBHOTO YHCIA MAXTHUX TpaHC(HOPMATOpPiB, BU3HAYCHHS
KoedilieHTa X HAaBAaHTAKEHHS 1 PEHTA0EIBHOCTI MPOTATOM IEPIIOTO POKY eKCILTyaTallii.

Metoaunka. [ BU3HAYCHHS KUTBKOCTI TpaHCc(HOpMATOPiB 1 ONTUMAIBHOrO KoedimieHTa X HaBaHTaKEHHS 3aIpo-
NOHOBaHAa MaTeMaTHYHa MOJENb Ha 0a3i ABOX BUKOPHUCTAHMX €KOHOMIYHHMX KPHUTEpiiB: MiHIMaJbHI CKOPUIOBaHi 3ara-
JIbHI BUTPATH Ta MiHIMaJlbHI BTPaTH MOTYXHOCTI i eHeprii. OTpuMaHi pe3ysbTaT JISriid B OCHOBY MOAENI, o0yaoBa-
HOI 3a toriomoroto Matlab st nekinpKox cepil Mmi3eMHUX MIaXTHUX TpaHcdopmaropis. [IpuiiHsTo, 1110 HAaBaHTaKEHHS
30epiraeTbest MOCTIHHUM IPOTATOM POKY.

PesyabraTu. Y crarTi nmiaTBepIKeHAa MOXKIIMBICTH BUKOPHCTAHHS aHAII30BAHMX €KOHOMIYHHX KPHUTEpIiB UL BH-
3HA4YEHHs ONTHMAIBHOTO YHCIa MIaXTHUX TpaHC(OpMAaTopiB i ONTUMAIBHOIO KoedillieHTa IX HaBaHTaXEHHS a, OTXKe,
ONITUMAITFHOI MOTYKHOCTI MPOTATOM MEPIIOTO POKY iX ekcruryararii. CKIamHICTh JOCTIHKEHHS MOJsraia B OLIHII
gacoBuX BTpar. KpiM Toro, y ctaTTi Oymu IpeacTaBieHi pe3ynbTaTH Ta MOPIBHAIBHUHN aHANi3 IBOX BUKOPHCTAHHUX €KO-
HOMIYHUX KpHUTEpiiB. BCTaHOBIIEHO, MO ONTHUMAIBFHAM PIIIEHHSAM € BHKOPHCTaHHA TpaHc(hopMaTopa 3 HOMIHAIBHOIO
MOTY)KHICTIO, HAHOIMKYIOI0 IO TEOPETHYHOTO 3HAYECHHSA, OTPHMMAHOTO B PE3YNbTATi PO3PaXyHKIB Syrmax. Pe3yibTaty,
OTpPHMaHi [P MOJIETIOBAaHHI, TIOKa3yIOTh, [0 3HAYCHHA (PAKTOPIiB HABAHTAXKECHHS, BIAIIOBIAHO, ONTUMAIBHOI TIOTYKHO-
CTi IaXTHHUX TpaHCc(OpPMaATOPiB, BUIIE, HIXK Y TOBEPXOBHX, OCKUIBKH BiJHOIIIEHHS BTPAT BUIIIE.

HaykoBa HoBu3Ha. /lociipkeHHs 3aCHOBaHE Ha 1HHOBALIMHOMY MiJXO/Ii, P SIKOMY A€TaIbHE MPEACTABICHHS JBOX
KpUTEPIiiB BUKOPUCTAHO JUISl ONUCY 00 €KTUBHMX (PYHKIIH, 10 MiUISraloTh MiHIMI3alii, 3 METOI0 OTPUMaHHS ONTHMalb-
HUX pillleHb JUTS MaxXTHUX TpaHcdopmaTopiB. JJaHuii miaxix € IPUHIMIIOBO HOBUM Y rajly3i MpHUYO] eJIeKTPOSHEPreTHKH.

[pakTuyna 3HAYUMicTb. MeToM, 3aIIPOIIOHOBAH] B CTAaTTi, MOKYTh OYyTH YCIIIIIHO 3aCTOCOBaHI SIK y pa3i Ipoek-
TYBaHHS HOBHX LIAXTHUX €JIEKTPUYHUX MEPEeX, TaK 1 I Mepex, sIKi BKe 1epeOyBaloTh B eKCILTyaralii. AHani30BaHi
€KOHOMIYHI KpUTEpil JO3BOIIIOTH BCTAHOBUTH HAMOIIBII EKOHOMIYHUH peXKUM eKCIUTyaTallii IIaxXTHUX TpaHchopMaTo-
PpiB, IpH IKOMY BTpaTH eHeprii OyIyTb MiHIMalbHI, 0, B CBOIO YEPry, MPU3BEAE A0 il CyTTEBOI EKOHOMII.

Knrouosi cnoea: exonomiuni kpumepii, KoeiyicHm HABAHMANCEHHS, MUMHACOB] 6MPAMU, WAXMHUL mparcghop-
MAmop, ONMUMANbHA NOMYICHICMb

3KOHOMMWYECKHUE KPUTEPUHN OIITUMHU3ALIMU KOJIMYECTBA
IMAXTHBIX TPAHC®OPMATOPOB 1 UX HATPY3KH

. ITackynecky, JI. ITana, B.M. Ilackynecky, @. lenny

Heab. B cratbe 00cyxnaercs npobiema BpIOOpa ONTUMAIIBHOTO YUCIIA MAXTHBIX TPAHC(POPMATOPOB, ONPEICICHHUS
koa(duiMenTa ux Harpy3Ku U PeHTa0eIbHOCTH B TEYEHUE NEPBOTO rojia HKCIUTyaTalluy.

MeTommuka. J[ns onpeaesieH s KOJHYECTBa TPaHCHOPMATOPOB U ONITUMAIBLHOTO KO3 (HUIIMEHTa X HATPY3KH TIPE/I-
JIO’KEHA MaTeMaTU4eCKasi MOJIeIb Ha 0a3e JABYX MCIIOJIb30BAHHBIX 3KOHOMUYECKUX KPUTCPHUSIX: MUHHUMATBHBIC CKOPPEK-
TUPOBAHHBIC OOIIME W3ICPKKH M MUHHMAJbHBIC [TOTEPH MOIIHOCTH U dHEPruu. [lomydeHHBIC pPe3yJbTaThl JICTJIA B
OCHOBY MOJICITH, IOCTPOSHHON ¢ moMoIbio Matlab 1i1st HECKONBKUX cepHil TIOJ3€MHBIX IIAXTHBIX TpaHC(HOPMATOPOB.
[IpuHATO, 4TO HATPY3KA COXPAHAETCS MOCTOSTHHOW B TCUCHHE TO/IA.

Pe3yabTaThl. B cTathe moaTBepkaeHA BO3MOKHOCTh UCIIOIB30BaHUS aHATU3UPYEMBIX 3KOHOMUYECKHX KPUTEPHCB
JUISL OTIPEICTICHUSI ONTUMAIILHOTO YUCTA MAXTHBIX TPAHC(POPMATOPOB M ONTUMAIBHOTO KO3(D(GHUIIMEHTA UX HATPY3KH H,
CJIE/IOBATENILHO, ONTUMAIBHON MOIIHOCTHA B T€UEHHE MEPBOro roja mx skciuryaraiuu. CIoKHOCTh MCCIIEIOBAHUS 3a-
KIIFOYaNach B OI[EHKE BPEMEHHBIX MOTepb. KpoMe Toro, B cTaThe OBLIH MPEACTABICHBI PE3yJIbTAThl U CPABHUTEIBHBIN
aHaJIM3 JBYX HCIIOJIb30BAHHBIX 3KOHOMHYECKHUX KPHUTEPUEB. YCTAHOBJIEHO, YTO ONTUMAJbHBIM PELICHHEM SBISETCS
HCII0JIb30BaHUE TpaHc(HOpPMaTOpa ¢ HOMHHAIIBHOI MOIIHOCTBIO, OJMKANIIEH K TEOPETUIECKOMY 3HAYCHUIO, MOJTyUeH-
HOMY B PE3YJIbTaTe PACUETOB Sy7max. PE3YJIBTATHI, MONYYCHHbIE IPH MOJCIUPOBAHHH, IOKA3bIBAIOT, YTO 3HAUCHUS (haK-
TOPOB HArPy3KH, COOTBETCTBECHHO, ONTUMAJILHOW MOIIHOCTH IIAXTHBIX TPAHC(HOPMATOPOB, BHIIIE, YEM Y MOBEPXHOCT-
HBIX, TOCKOJIbKY OTHOIIICHUE TTOTEPh BHIIIIC.

Hayunas HoBu3Ha. llccienoBanne 0OCHOBaHO Ha MHHOBAIIMOHHOM MOJXOJIE, IPU KOTOPOM JIETAJILHOE TpeJICTaBIIe-
HUE JIBYX KPUTCPHUCB KCIIOJIH30BAHO JJIS OMUCAHUS OOBCKTHBHBIX (DYHKIWH, IMOMJICIKAIINX MHHAMH3AIHUA C IEIBI0
MOJTyYeHHsT ONTHMAIBHBIX PEIMICHUH U1 MAaXTHBIX TpaHchopMaTopoB. JlaHHBIA MOAXOMA SBISETCS MPUHIUIHAIBLHO
HOBBIM B 00JIaCTH TOPHOU 3IIEKTPOIHEPTETHKH
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IpakTHyeckasi 3HAYAMOCTb. METO/IbI, MPEIIOKEHHBIC B CTaThe, MOTYT OBITh YCIICIIHO MIPUMEHEHBI KaK B Cliydyae
IMPOCKTUPOBAHUSA HOBBIX HIAXTHBIX 3JICKTPUYCCKUX CeTeﬁ, TaK U JIs1 ceTeﬁ, YK€ HaXOoosAMXCAa B SKCIUTyaTalluu. Amna-
JIN3UPYEMBIC JSKOHOMHUYECKHUE KPUTCPUU IMO3BOJIAIOT YCTAHOBUTH Han6onee 3KOHOMUYHEIH PEXKUM IKCILTyaTalluu
[IaXTHBIX TPAHC(HOPMATOPOB, IIPH KOTOPOM IOTEPH SHEPTUH OyTyT MUHHMAJBHEI, YTO, B CBOIO OYepe/lb, IPUBEICT K €
CYILIECTBEHHOM SKOHOMMH.

Knrouesvle cnosa: sxonomuyeckue kpumepuu, KodQp@uyuenm HaAcpy3Ku, 6pemeHHbvle NOmepu, WAXMHbIN MPaHC-
dopmamop, onmumanbHAsL MOUWHOCHDb
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