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The power estimation is performed for the medium/low voltage transformer of
a low voltage network. The factors to be accounted for in the estimation are the load
density and the fed zone shape. From variously shaped fed zones that of hexagonal
shape compactly covers a greater territory and has better indices as compared with
rectangles and triangles. The study is framed on an apt canonical model — a circular
fed zone with constant continuous load density. The model can be used for
comparison of indices at the discrete load dislocation in hexagonal or squared fed
zones, extending the results obtained for a circular zone using relative ratios. The
transformer power is determined by the fed zone radius, which has a natural limit,
since the voltage deviation for the farthest consumer should not exceed the allowable
value. Under these conditions, optimization can be performed by a given load density,
changing the radius of the fed zone and the density of current in phase conductors.

Key words: electricity consumers, electricity supply efficiency, energy loss,
fed zone, medium/low voltage transformer, power loss, voltage loss.

1. INTRODUCTION

The last conversion stage of industrial frequency voltage is its medium/ low
transformation for the final consumer. The conditions of electricity supply differ
for urban and rural areas; therefore, to achieve the maximum economic efficiency
the analysis is needed that would take into account the factors influencing the
economic indices. The ultimate aim is to determine the power of a step-down
medium/low voltage transformer so that the maximum efficiency is achieved, with
the least annual costs on the transformer and the corresponding low-voltage
network of a fed zone, and, respectively, the least capital investments and costs of
electricity losses, preserving at the same time the quality of electricity.

To carry out research of the kind, it is necessary first to choose the shape of
the fed zone. Next, an appropriate mathematical model involving all the influential
quantities should be worked out.

The medium/low voltage transformers have been in use from the very
beginning of the electricity era; no special attention was then paid to the efficiency
of network operation, and unacceptable was only deviation from the normal volt-
age at consumer. Nowadays, this aspect of the problem is given proper attention —
not only abroad (e.g. [1]) but also in our country. In [2], the economic issues are
considered based on which appropriate dependences are found as to the optimum
size of a zone supplied from a higher voltage substation. Paper [3] pays more
attention to load forecasting.
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The low-voltage network is the lowest stage in the power system's hierarchy,
which also deserves attention. When optimization has been done for a lower stage,
solving the problems of a higher stage can be initiated.

Search for possible dependences should be done based on some presum-
ptions, e.g.: the capacity of transformers and the cross-section area of conductors
can vary gradually; the load density is continuously distributed throughout the
entire fed zone; the low voltage is constant and equal to the nominal (400 V); the
simultaneity factor is equal to unity (the loads in the entire zone change simul-
taneously); the transformer capacity corresponds to the maximum load. This is an
ideal case considered in the framework of the study. The influence of other factors
can be examined separately for every real case.

2. THE SHAPES OF FED ZONES

The conventional shape of a fed zone is hexagon. The zone should meet two
requirements: it should tightly fit other ones for covering all relevant territory; it
should have the best length ratio. Among diversified shapes there are many that
meet the first requirement. The simplest among them are: the equilateral triangle,
the square, and the hexagon. As concerns the second requirement, it is the circle
that has the best length ratio k.; (Fig. 1a) since

Kieei =—5=——> )
VA

but it does not meet the first criterion.

The length ratio shows the distance of a supplied zone’s farthest point from
the centre of this zone as compared with its area. The less the length ratio, the less
the voltage drop is from the centre to the farthest point and the less power losses
are. This index for a square and an equilateral triangle is (Fig.1b,c):

Fig. 1. Shapes of the fed zone: a — circle; b — square; ¢ — equilateral triangle; d — hexagon.
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From the three, the second criterion is met best by a circle, and worst — by a
triangle. Six such triangles form a hexagon (see Fig. 1¢,d and Eq. (2)). To compare
these length ratios with the best (for a circle) we can introduce relative length ratios
as
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Of significance are also the area ratios:
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If the fed territory is small enough, any other shape fitting this territory is
relevant. The length ratios and the area ratios can be helpful for analyzing the
parameters of a fed zone (circular as the most suitable for analysis). Using an
appropriate length ratio we can model the low voltage line length of a square or a
hexagon approximating them by a circle, while employing the area ratio we can do
this for the transformer capacity. Any parameter of a fed zone can be ideally re-
presented by that of a circle if its relative ratio is independent of the zone radius R.

3. APPROACH TO THE PROBLEM

To estimate the efficiency of a low-voltage network, the annual costs should
be evaluated. In accordance with [4], the annual costs for a line are:

Cp =(i+ps)a+bF)+ AP, (BT+ "), (5)
where i is a bank’s loan interest, %;
ps are the costs of depreciation, maintenance and servicing, %o;
a are the fitted costs of a line’s construction, LVL/m;
b is the cost depending on the cross-section area F of a phase wire,
LVL/(m-m?);

[ is the line length, m;
AP« 1s the maximum power loss for the entire line length, W;
B’ is the cost of a line’s power losses, LVL/Wh;
B is the peak power cost, LVL/W;
T is the time of maximum power losses, h.
Denoting the elements of formula (5) as

(i+ps)a/l00=C,; (i+ps)b/100=Cy; p'r+p"=C,, (6)
we obtain:
C, =C,l+CyFI+C,AP,,, . 7

All the lines of a low-voltage network can be divided into trunk lines and
branch lines (Fig. 2). A trunk one with straight branch lines (Fig. 2a) is better fit
for urban operation with cables laid along the streets. Among other models met in
practice is the leaf model (Fig. 2b); in the canonical model with circular branches
(Fig. 2c¢) the circular shape is employed to simplify mathematical expressions.
Other models can be reduced to the canonical model by appropriate relative ratios.
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Fig. 2. Sectors of the trunk line in a fed zone: a — model with straight branch lines;
b — leaf model; ¢ — canonical model with circular branch lines;
1 — medium/low voltage transformer; 2 — trunk line; 3 — branch line.

A fed zone has the total length /; of trunk lines with the total losses AP, and
the total length /, of branch lines with the total losses AP,. The trunk lines are
composed of thicker wires, since their current is greater than that of branch lines.
The cross-section of a trunk line wire is constant and should be calculated
corresponding to the current at its beginning. The same holds for all branch lines,
with cross-section calculated corresponding to the maximum current in the branch
lines. With such presumptions formula (7) will look as

C,=C,l,+C, I, +C Fl, +C Fpl, +C, AP, +C AP, ®)

where C,, is the annual costs of the network.

To apply (8) for a square or a hexagon, the line lengths should be multiplied
by the accordingly calculated length ratio. By the area ratio the maximum current
can be modelled, with radius R remaining the same for all shapes. Expression (8)
cannot characterize the efficiency of the network; this parameter will be shown when
we relate the annual costs to the delivered energy (in compliance with [5]). For the
simplicity sake, the per unit quantities will be sought-for in the form of per ampere
(pA) notation, that is, by dividing (8) and its components by the maximum current
I'nax Of the fed zone; the components with the p4 notation will have index ,,:

an
Copa = 7 - Calipa + Calppa + Co(Fly) pa + Co(Fyly) pg + -

max

+ CWAPtpA + CWAPpr : (9)

In the ultimate estimation, the quantity of interest is the cost of delivery of
one kWA energy, which is given by the expression:

C
nwpA

iy (10)
\/EUTm cos @

nwpu

where U is the low phase-to-phase voltage;
T,. is the time of maximum load.
As follows from (8), to consider a network we should know rather a large
number of quantities.
When considering the efficiency of a low-voltage network we should take
into account a medium/low voltage transformer unit (a transformer substation). The
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annual costs for a transformer unit consist of the annual charges for the investments
and servicing as well as of the costs of its losses:

Cm :(l+pZ)Ktu/100+CWA])ld +CW111A})I1[’ (11)

where K, 1is the price of a transformer unit;
APy, is the load loss;
AP,; is the no-load loss, and

Com =PT+p", (12)

with T being the number of hours in a year.
The summary costs (Cs ) of the transformer unit and the network according
to (8) in pA and per unit notations are:

+C (13)

tupu nwpu *

CZ = Ctu + an 5 CZpA = CtupA + anpA ; CZpu =C

The Cy,4 and Cy,p, values are determined in the same way as C,,p4 and Cpy.
The most favourable power of a medium/low voltage transformer will be
when the summary cost Cs in (13) reaches minimum.

4. TRUNK LINES

In a trunk line the power loss (AP,) of a fed zone is n times that of a zone
sector (AP,), n being the number of equal sectors in this zone. The radial
elementary area dA of such a sector is (see Fig. 3):

dA=AdR =rodr. (14)
The current taken from a unit area d4 is:
di = od4 = oo rdr, (15)

where ay is the angle of the sector;
o s the current density of the consumer’s load.

Fig. 3. Losses in a trunk line.

The current in the trunk line at distance r from the transformer unit at the
point 0 is:
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R oa
i, =oa, [rdr=—(R* —r?). (16)
- 2
The elementary power loss in this trunk line at the same distance from the
transformer unit is:

2
0'20(S

dAP, =i *Ry,dr = (R* —r¥)2dr, (17)

where Ry, is the specific active resistance of a trunk line.
Integrating from 0 to R we obtain:

_20%a,’Ry R’ (18)
ts 15 :
Applying the dependences:
1
Szz_”; I =07R?; Ry, = I . F, =-max (19)
n 7k nj;

where I..« 1S the maximum current of a transformer unit;
v, F; are the specific conductance and cross-section area of the trunk line
wire, respectively;
Ji is the current density in the trunk line wire,
we obtain a concise mathematical formula for the trunk line loss of one phase in
the sector:

AP. = 8Imax]tR . (20)

Y 15ny,
The losses in three phases in the entire fed zone will be 3# times greater, i.e.:

241

maX]t

R _240j,7R’ o j,oR? '

AP, 2D
“ 15y, 15y, Vi

The trunk line extends from 0 to R — Ar/2. Of the losses, according to for-
mula (18), the loss of the part not reached by the trunk line is to be subtracted. The
sector current at a distance R — Ar/2 taken from area A4 (i.e. peripheral current irper)
is:

lrper

=0'Azc7aS(R—Ar/4)%, (22)

The loss of a sector’s peripheral area 4 is:

1. 5. Ar o?a(R-Ar/4)’ RyAr
APtsper = glrper R()t 7 = 24 :
Comparative calculations by formulas (21) and (23) have shown that the

peripheral losses are insignificant. Hence, the trunk loss should be calculated by

formula (21).

(23)

16



The length of one trunk line is /,, = R —Ar /2, while that of all trunk lines
of a zone is:

[, =n(R—-Ar/2)=nRk,, (24)
where £k, is a trunk coefficient:

_R-Ar/2

k, n

(25)
2R’
* ~
\(2 7 Ar/2
v
A
R\R“ /1 dr
. r

i
<

Yy
le—

Fig. 4. Trunk losses in a sector of 1/4 square; / — trunk line; 2 — sector.

In the case of a square it is natural to have four sectors, i.e. n = 4. The
elementary current of this sector (see Fig. 4) is:

.
i, =c[2rdr=c(R* -r?). (26)

I%

The elementary loss is:

dAP, =i *Ry,dr = c*(R'? = r*)? Ry dr (27)
The sector loss will be:
R’ 8
APts = .[d 1s :EO-ZROtR > . (28)
0

The square zone consists of four such sectors (n = 4), hence:

Rlzi,lmaXZGAsq:20R2, ]max =1max :l RZ,
2 n 2
I oR*? 1 2

Fr=rmx O Ry=—= =l (29)
4j0 2Ji 7k y.0R

Therefore for three phases of the entire zone (multiplier 3x4 = 12) we obtain:
. n3

AP, = 226275178 (30)

7t

The line lengths are found in a similar manner.
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5. BRANCH LINES

Figure 5 shows the area under consideration with continuously distributed
load. Current Ai; at the beginning of cross-hatched strip yAx at distance x from the
zone centre O is:

Ai, = oy(x)Ax . 31

T
I

I
O
Fig. 5. Definition of branch losses at continuously distributed load.

The active resistance of strip yAx is:

R, =2 -y (32)
rply  ypalx
where 1y, is the specific conductance of branch line wire;
aAx is the cross-section area of the strip; a is an as yet unknown
coefficient.
The losses AP; of the strip are:

1 1 16%)°
AP, =L 817 Ro, = Loyt (ryar? 2 L Loy AT (33)
3 3 ypalx 3 Vpa
If such strips cover the entire area, the total losses will be:
2.3
AP ~ Y AP, _lf% (34)
3 i=1 7ba
Consequently, we can write the exact expression for losses as
1 62 Xmax
AP, =——— | y(x)dx. (35)
37a o

At the maximum length yn., current iy, through the strip (adx) at its
beginning is:

Igmax = OVmax (X)dX . (36)
The strip cross-section area is:
d.
ady = Zmx® (37)
Jb

where j, is the adopted maximum current density in the wires of branch lines.
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Hence, coefficient a will be:

q = Fmax (38)
Jp

and the losses of the entire shaded area:

1 qb Xmax 3
AP=——="— [ y’(x)dx. (39)
3 7pVmax 0
Ar/4
o/2
2Ar/ o Ar2
al R R

Fig. 6. Losses in branch lines.

Now, a half of the sector (Fig. 6) of a circular fed zone will be considered.
The consumers of the shade-free horizontal fragment are fed from a trunk line,
while those of shaded areas are fed from a branch line. However, the branch line
collects the load from the shade-free horizontal fragment to the sector’s radial
boundary. Hence for the shaded areas:

a Ar 1
y="r-= 2( 7= Ar) (40)
o Ar. &
Ymax :y(xmax) = (R- ):_RkR . (41)
2 2 n

The integration should be done from 2Ar/a; to R. For this sector shape,
observing (39)—(41), we obtain the branch losses of shaded areas per phase of the
entire sector as

9 If(asr — AP (e, — Ar)dr . (42)
67,0 Rk, 2R

a

APbsh
s

The losses of the shade-free fragment are equal to the square of current at the
beginning of shaded area multiplied by the resistance over Ar/2 length:

; R
LN/ M Ry Y 43)

bus
6 7bastt 2Ar g

Factor 3 before Ar means that at Ar/2 of the shade-free area the current is
constant, since here the distributed load is connected not to a branch line but to the
trunk one.
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The branch line extends to (ay/2)r — Ar/4. Hence, losses APy, of the hori-
zontally shaded area of the sector are to be subtracted from losses (APyy; + APp,s),
1.e.:

; R : R
AP,,, = 2L T [ Arypg =Ll 1 [AFdr. (44)
3 7 &Rkt 2Ar /g 4 6 7/bastt 8 2Ar g

2
Summing up and observing (19) for o, we will have the sector branch losses as

. 2 p4 252 3 4.3
__ 9 (7[ 1; 3 3Ar“R N 1,875Ar° Rn 3 1,875A§ n ). (45)
6y Rk, n 2 2 8

APbs

A zone has 3 phases and # sectors, therefore:

_qg, (72'2R3 3Ar*Rn 1.875Ar°n”  1.875Ar""
) _ _

2k, m 2 27 873R
b AR 31 AR .\ 187510 A n*
2ypk, n 27R 27%R?
1.8751 o A
_ 8758;‘?;3rn)‘ (46)
Arl4
2Arla, 2
Ar Arl2

Fig. 7. View of a fed zone sector: / — branch lines; 2 — trunk line.

Branch lines are arranged beginning from 2Ar/a, up to R — Ar/2, and do not
reach the radial boundary by the value of Ar/4 (Fig. 7). The number of branch lines
in a sector is:

_R-Arla,—Ar/2 R—(Ar(n+m))/2nr _ Rk,

m , (47)
Ar Ar Ar
where k;, is a branch coefficient:
ky = R—(Ar(n+rm))/2x . 48)

R

If these lines were extending to the sector’s radial boundary, on the entire
zone scale there would be m concentric circles with the radii determined by an
arithmetic series with base Ar and number m. However, beginning with the first all
the consecutive circles have a radial increase of approx. Ar. Then the total length
of branch lines will be:
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m(1+m)

27 2
I"=27mAr| Rk .

+m]=37Rk, +7 (49)

Each line does not reach the sector radial boundary by Ar/4. Then the total
peripheral shortage /.- in the zone will be:

Ar Rkyn
Liper = —mn= Tb . (50)

Hence, the total branch line length of a fed zone is:

' Rk’ n TRk n
ly=ly =l = Ar” +Rkb(37r—5)=Rkb( Ar” +37r—5). (51)
a AT “"Aﬂ4 Ar R
| —> —9
x  dx -
N
—1
Ar Ilz
Ari2
' “——o
v A
-t
A I
\ 4 T ®

Fig. 8. A striped fed zone: a — analytical version; b — real version;
1 — transformer unit; 2 — branch line; 3 — consumer.

In the example below, the losses of branch strip (Fig. 8a) are calculated:

di; = oydx; Rgszi; a=2;
¥ padx Jb
.2
dAP, =%di52RQS %M. (52)
Vb

Three-phase losses of the strip in Fig. 8a are:

.2 Ap .2
’:%yfﬂz%yw.
b 0 Jb

AP

N

(53)

From quantity AP’ the peripheral loss AP, is to be subtracted.
The elementary peripheral loss is:
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1., 2 g, Ardx
dAP,, =—dig .. Roger =————. (54)
sper 3 sper sper 1927by
Since peripheral loss can be obtained as
. A 3 Ar . A 4
sper — Zp2" dx = it > (55)
1927,y o 192y,y
the strip losses AP; are:
. 2 . 4
' g,y Ar g, Ar
APS :APS _APsper: . —=b (56)

Jb 192y,
6. COMPARISON WITH THE DISCRETE LOAD MODEL

So far the consideration has concerned a continuously distributed load. We
shall calculate the same quantities (losses and line lengths) in the discrete-load
model with a hexagon (Fig. 9) and a square (Fig. 10). Both the models with
discrete loads have the same radius (see Fig. 1) of 297 m and the load density
o=0.00118 A/m”. Each discrete load is situated in the centre of a 30x30 m square,
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Fig. 9. Example of a hexagonal fed zone; / — medium/low voltage transformer; 2 — zone
boundary; 3 — electricity consumer; 4 — trunk line; 5 — branch line.
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hence the load current (that of a single consumer) is iy = 0.00118x30x30 =
1.062 A, while Ar = 60 m, Ar/2 = 30 m, Ar/4 = 15 m. The current density of
aluminium (specific conductance y = 32 A/mm®) phase wires in all models is j, = j,
= 1 m/(Q:mm?).

?7 277?272 17*%2 %2292
A e b
T °T° T 2 it YTt T
ote ole l\SillJ.l.--o oo
o—:Aro——o1??1??o——o o
el o5e ¢ 6 0|6 ¢ ¢ ol ole
oy tle/e o elr o 9 oly tte
{6 (6 ¢ ¢ 6|6 ¢ ¢ 60 oo
o——oo——o??TMJo——oo——o
H—oﬂ—o*“*‘*o——oo—l—.
o—le oleo oo ole
O-J—..——.I}IIIIQ——..——O
S/ 22 90 o 2 20 e
6 6 6 6 6 6 6 6 6 66 0 6 o

Fig. 10. Example of a square fed zone; / — medium/low voltage transformer;
2 — zone boundary; 3 — electricity consumer; 4 — trunk line; 5 — branch line.

To show the way in which losses in hexagonal and squared zones with
discrete loads are handled, we shall calculate the losses in the strip model
according to Fig. 8, assuming the length to be y = 120 m. From the beginning, the
cross-section area of the strip model phase wires was taken F = 10 mm®. The
current density in the phase wires is j,, = Ina/F = 0.00118:120-60/10=0.85 A/mm”.

By virtue of (53) the strip losses are: AP,” = 0.00118-0.85-120*60/32 =
27.081 W; according to (55), the peripheral losses are APy, = 0.00118-0.85-60%
(192:32:120) = 0.0176 W, and according to (56) we have: AP;=27.061 — 0.0176 =
27.0.63 W.

Now, we shall calculate the losses of discrete consumers. The phase wire
resistivity is: Rg,,, =1/(7)=1/(32-10)=0.003125 Q/m. For three-phase losses,

when the current of one phase is used for loss calculations, the resistance of a phase
wire should be taken three times greater. Then the resistance of a Ar/4 long wire
will be Rpus = 3-0.003125-15 = 0.140625 Q; other resistances are: Rapn =
3-0.003125-30 = 0.28125 Q; R3a4 = 3:0.003125-45 = 0.421875 Q. The currents in
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the branch line of Fig. 86 are: [} = 2:1.062 = 2.124; I, = 4.248; I; = 6.372;
1, = 8.496 A; the losses due to these currents are: AP, = [12-RA,/2 =2.124%0.28125
=1.2688; AP, = 5.0753; AP; = 11.4194; AP;= 10.1506 W. The total losses of a
strip with discrete load: AP,;=27.914 W, the discrepancy with AP, being 3%.

If the losses should be recalculated for another current density or cross-
section area, a new value of specific resistance Rg;,’ is to be determined and the
resistance factor ko Rgos'/Ram calculated; the new value of losses is the product of
this factor and the previous value of losses. For example, if j,' = 1 A/mm’ then
Row' = 1/(yF); hence F'=I,./j, = 0.00118:120-60/1 = 8.496 mm’. This is a
hypothetical value; however, in the analysis we shall adopt it in the model
calculations. We will thus have: Ro/, ’=1/(32-8.496)20.0036782, and the resistance
factor ko = Ros'/Rom = 0.0036782/0.003125 = 1.177. New loss values will be:
AP;=27.063-1.177=31.853; AP,y=27.914-1.177=32.855.

To develop the final expression for p4 losses of the network in a circular
model, we shall write, observing (19), the formulas in the pA4 notation for the
corresponding quantities as

_24th. _ Zt _ nkt . (Fl) _R_kt.
tcipA 1 57t ’ tpA R 2 onR 2 t°t) pA j; 2
: 2 32 4 4
AP, = Jb (ﬂ_ 3Ar°n N 1.8752Ar2n 3 1.8754Ar3n ): (57)
2y kg n 27R 27°R 87°R
ky k, 3m—n/2 kpyk, iRAr ky 3w —n/2
g ke d Broni2y gy Kk aRAY Ky |
b = (0 pra) (Fply) pa W, (Ar g )

Applying (57) to (9), we obtain the following expressions for the pA
network costs:

Conk, Cuiky ky, 3m—n/2, CyRk, Cpkyk,sRAr
CntpA:at+ab(_b+ )+ b.t_}_bbf .
onR o Ar R Ji njy
ky 3m—n/2_ 24C,jR
(e + Y+ ity
Ar 7R 15y,
. Cudy 7R 3Ar%n N 1.875Ar°n? 1.875Ar4n4) (58)
2ypk, n 27R 27°R? 8RS 7
The results of calculations are shown in Table 1.
Table 1
Comparison of parameters for differently shaped fed zones
Fed zone Load distribution Lips, M/A Lypas M/A APy, W/A APy, W/IA
Circle Continuous 3.266 13.578 14.850 3.711
Hexagon Discrete 3.591 12.688 11.384 4.729
Square Discrete 3.459 11.818 10.864 4.227

Losses in a circle are computed by formulas (57); those in a hexagon and a
square are calculated in the manner shown for a strip. The greatest discrepancy is
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for per ampere (pA) losses in trunk lines; presumably, it is due to the maximum
current irregularities in branch lines. The branch p4 losses show the same tendency
as for the strip. The maximum current ratios are close to the area ones, with a
considerable discrepancy for a hexagon due to the free space along its boundaries
(Fig. 9). On the whole, the circle model (Eq. (58)) could admittedly be used to
reveal the influence of various factors on the network efficiency for other zone
shapes.

To optimize the efficiency, we can vary zone radius R, while n, Ar and ¢ are
conditioned by the territory planning. Other parameters are determined by the wire
material, the type of consumers, and the economic factors. Varying radius R, we
must abide by the main constraint: the maximum voltage loss that in a low-voltage
network is equal to the voltage drop across the active resistance of a trunk wire
(Ua) and a branch wire (Uyy).

The voltage drop across the trunk line up to the circle boundary, observing
(16) and (19), will be:

R ;R )
Ul = [i, Rogdr =2 [(R? = 2y = 228 (59)
0 }/ZR 0 3 t
and the peripheral voltage drop:
. . 2
Jo B o0 o JiR 2 k,
Unpper =— | (R =r")dr ="—=-k,(1--—+)]. (60)
AP ]/,Rz RE, 7e 3 t 3

In turn, the maximum voltage loss on a trunk line is:

’ ]tR ktz
Un=Upn _UAtper =k (1-—); (61)
Vi 3
and that of a branch line up to the radial boundary:
' 1 . 2
Upp = P max Roblh max - (62)

The maximum length up to the radial boundary of branch line and its cross-
section will be:
= ZRk; R =tme (63)
n Jb

’
Zb max
The maximum branch current and specific branch line resistance are:

=04y, = Ol AV = asztAr ;

ibmax "
1 ] onRk,Ar
Ryp=——=—20 0T, (64)
7oEs  Vbibmax njp
, i TRk
Uy, = JS L (65)
nyp
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A real branch line does not reach the radial boundary by Ar/4 (Fig. 7), hence:

1. Ar jynAr?
U =—1 R _—, 66
Abper B bAr/410b 4 327[;77:Rk; ( )
The maximum voltage loss on a branch line is:
. . 2
, Jo Rk, jpnAr
Upn,=Up, U = - , 67
Ab Ab Abper 2717[, 3 2}/})”R kt ( )
and the maximum voltage loss in a fed zone:
J.R kS’ Jp7Rk jbnAr2
Up="—k,(1--)+ L— . (68)
Vs 3 2ny,  32y,7Rk,
From (68), the maximum R satisfying the admissible voltage loss U, is:
(12 . A
U \/UAZ UKD st
T
R= . 7;t . nyp 227 +£. (69)
AL s 2
Vi 2ny,,

The first value of R is calculated with assumed k&, whereas more exact its
values are calculated introducing the trunk coefficient &, obtained from (25).

In expression (58), the variable quantities are R, j,, j,, since distance Ar is
conditioned by the dislocation of consumers, whereas the number # of sectors — by
the territory planning. Constants C,, Cj, C,, are determined by the existing technical
and economic conditions. The influence of various factors can be elucidated
analyzing expression (58) — if not mathematically then by the case calculations,
since the influence of some quantities is very intricate.

According to the authors of [6], building of a 1 km 0.4 kV line with insulated
aluminium wires costs ~10000 LVL, since K, = 10 LVL/m. In [4] this quantity
is given as Ky = a+bF, with a and b defined according to (5). The cross-section
of a phase wire could be taken 50 mm?, which according to [7] costs ~2 LVL/m.
Hence bF=2 LVL/m, b = 2/50 = 0.04 LVL/(m'mm’) = 40000 LVL/(m'm?);
a=Ky—bF=10-2=8 LVL/m. It is supposed that i = 10-14%, ps~= 4%,; the assu-
med values: i = 12%, ps=4%, f = 0.000033 LVL/Wh, 5" = 0.00365 LVL/W. By
(6), C, = 1.28 LVL/m; C, = 0.0064 LVL/(m'mm?) = 6400 LVL/(m'm?); C,=
0.10265 LVL/W. The remaining quantities are: o = 0,00118 A/m?; n = 4; Ar = 60 m;
U=400V; Uy=0.05-U/1.732=11.5 V; j, = j,= 1-10° A/n’; y, = y,= 32-10° m/(Q:m?);
k; 1s found from (25), and k; — from (48); 7 = 3000 h; T,, = 4600 h; C,,p4, Cprpu are
found from (58) and (10), respectively.

The end results show that pA4 and pu values are slightly decreasing with zone
radius: at R = 361 m, C,,,, = 0.01046 LVL/kW; 250 m — 0.00971; 150 m —
0.00885, all the three results being obtained for j, = j,= 1 A/mm”. The result is quite
understandable: the smaller the fed zone radius the less are losses in phase wires.
When optimized for admissible voltage loss of 11.5 V, radius R,,, is determined
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from (69). Hence, we can change the radius by changing the current densities j, and
J»- Here we can see an inverse dependence with respect to the current density: at
Ji=jp=1.5 A/mm?® we will have R,,, = 246.6 m, C,,p,=0.01 LVL/kWh, while at
Ji=j»=2 A/mm’ - R, ,= 190 m and C,,,, = 0.00889 LVL/kWh.

The inference is: a low-voltage network should be optimized together with
its transformer unit.

The transformer unit cost K,, consists of the cubicle cost K., and the trans-
former cost K,,. According to [6], K,,~ 20000 LVL for a unit with one transformer.

Currently, three medium/low voltage transformers are available at the
Latvian Branch of International Electro-Technical Concern ABB:

Sy Price, Load loss No-load loss
kVa LVL+VAT APy, W AP,, W
1) 25 1765 790 160
2) 40 1931 1300 160
3) 63 2145 1800 240

Hence, the transformer cost (VAT included) can be modelled as

K, =1840+0.0117S, . (70)

If the assumed power of a transformer in the transformer unit is 40 kVA
(1931+VAT=2310 LVL), the cost of a cubicle itself is: 20000-2310=17690 LVL.
The transformer unit cost, irrespective of the transformer capacity sharing, is:
17690+1840=19530 LVL. Therefore, this cost (VAT included) can be modelled as

K,, =19530+0.0117S,, . (71)

The load losses and no-load losses of a transformer can be determined as
functions of its capacity [8]:

APy =K1, 5 APy =x,8,”. (72)

n tr

For the transformers under consideration the factors x;; and «,,; are:

Kig = 4{?5513 S Ky = ‘\‘/A;)”é : (73)
tr r
To evaluate these factors, a 63 kVA transformer was taken:
K,y =1800/363000° =0.4525 W/(VA);
Ky = 240/3/63000° =0.0603. (74)
Now, observing (71)—(74), we can rewrite (11) as
C,, =@+ ps)1953+0.000117(i + ps)S,,. +
+0.4525C,S,>"* +0.0603C,,;S,>"* . (75)
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Assuming the transformer capacity to correspond to the maximum load
current (S, = NE max ) WE can write:

C, =195.3(i+ ps)+0.081041 . +61.106C, 1. > +

+8.143C,, 410

max

_ 62.168(i + ps) 45.899C, 6.116C

C, +0.08104(i + py) + wil . (76)

= + >
A oR> YR YoR
Cpus = L Q089736+ p2) | 0001169(+ py)+

T, cosp oR?
0.06625C,, 0.008829C

TTUoNR | 4ovR

Using (58) and (76), we can search for the minimum costs Cs by (13),
varying radius R and current density j, with due regard for limitations by (69). It
would be simpler to reach the target by a case study, i.e. substituting in (13) proper
values of current density j and radius R. Studying (13) shows that per unit costs Cx
strongly depend on the load density o (grow with ¢ decreasing). More detailed
dependences can be seen from Table 2, where R..,, Rop, Raao are, respectively: the
radius in view of (69), the optimized (by the least costs) radius, and that adopted
observing (69); the current densities being j, = j,=j.

wnl ]

Table 2
The case study results
o, Ar, Js Reon’ Ropt’ Rado’ Sy’ Cspu’
MVA/km® m A/mm’ m m m MVA | LVL/kWh

15 60 1.2 303 190 190 1.7 0.00275

5 60 1.2 304 270 270 1.145 0.00433

1 60 0.8 448 455 448 0.63 0.011

0.1 60 0.5 707 900 707 0.157 0.069

0.1 200 0.6 633 950 633 0.126 0.0305

7. CONCLUSIONS

1. Although other than hexagonal fed zone shapes can be met in practice, for the
analysis more convenient is a circular fed zone.

2. The line lengths, load losses, and the maximum current of a hexagonal or a
squared fed zone can be calculated as approximately proportional to those of a
circular fed zone.

3. The radius of a fed zone, the capacity of a medium/low voltage transformer
and, to a lesser degree, the current density in line conductors depend on several
factors — first of all on the load density. They should be adapted to local
conditions by the least annual costs criterion.

4. The analysis has revealed the interdependence of the main parameters of a low-
voltage network.
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VIDSPRIEGUMA/ZEMSPRIEGUMA TRANSFORMATORU
JAUDAS NOTEIKSANA

J. Survilo
Kopsavilkums

Zemsprieguma tiklam kopa ar vidsprieguma/zemsprieguma transformatoru
jaatbilst efektivitates prasibam, piegadajot nepiecieSsamas kvalitates elektroenergiju
paterétajiem. Izmaksas galvenokart ietilpst ikgad€jas maksas par transformatoru,
zemsprieguma tiklu un par zudumiem tikla un transformatora. Sis izmaksas un citi
parametri ir atkarigi no vairakiem faktoriem. Galvenais no tiem ir slodzes bltvums.
Sesstira apgadajama zona parklaj blivi visu lielaku teritoriju un tai ir labakie citi
raditaji, salidzinot ar taisnstiri un trisstiiri. IzskatiSana tika veikta uz &rta Sim
nolitkam kanoniska modela, kas ir apala apgadajama zona ar nepartrauktu slodzes
blivumu. Uz $o modeli var palauties, kad izskata seSstiira vai kvadratisku zonu ar
diskréto slodzi. Rezultatus, kas iegiiti uz apla zonas modela, var parnest uz kvad-
rata vai seSstiira zonu ar relativo koeficientu palidzibu. Transformatora jauda ir
noteikta ar apgadajamas zonas radiusa vertibu. Radiusam ir neparvarams ierobe-
Zojums — sprieguma novirze pie visattalaka paterétaja nedrikst parsniegt pielau-
jamo vértibu. Sajos apstaklos nav daudz iesp&ju, lai optimizétu tikla efektivitati.
Optimizaciju pie uzdota slodzes blivuma var panakt, mainot apgadajamas zonas
radiusu un stravas blivumu fazu vados.

10.06.2010.
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