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Abstract: This paper proposes a structured hierarchical-multilevel approach to calculating the power
flows and losses of electricity in radial electrical networks with different nominal voltages at given
loads and voltages of the power source. The researched electrical networks are characterized by
high dimensionality, dynamism of development, but also insufficient completeness and reliability of
state information. The approach is based on the representation of the initial network graph in the
form of a hierarchical-multilevel structure, divided into two stages with rated voltages Unom ≤ 35 kV
and Unom ≥ 35 kV, and using the traditional (manual) engineering two-stage method, where the
calculation is performed in a sequence from bottom to top (stage 1) and from top to bottom (stage 2),
moving along the structure of the network. The application of the above approach makes it possible
to obtain an algorithm for implementation on a computer, which is characterized by universality (for
an arbitrary configuration and complexity of the network), high performance and low requirements
for the computer memory.

Keywords: distribution electric networks; electricity losses; transformer; structured hierarchical-
multilevel approach; load; directed graph; algorithm

1. Introduction

It is well known that electricity losses in electrical grids of power systems consist of
the following components:

• Technological factor—it directly depends on the characteristic physical processes, and
can change under the influence of the load component, conditionally fixed costs, as
well as climatic conditions;

• Energy costs spent on the operation of auxiliary equipment and ensuring the necessary
conditions for the work of technical personnel;

• Commercial losses—this category includes errors in metering devices, as well as other
factors that cause the underestimation of electric energy.

When determining electrical energy losses in electrical networks of power systems,
the greatest interest, from the point of view of the specific contribution to the total amount
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of losses, structural complexity and complexity of the calculation, are the load losses in the
lines and power transformers of the network [1–6].

A significant part of electricity is transmitted through highly branched distribution
networks of 6–20 kV, which mainly operate as a radial network. These networks are
characterized by high dimension, dynamism of development, insufficient completeness
and reliability of state information [7–9]. The magnitude of losses in these networks can
reach up to 70% of the total electrical energy losses; therefore, an objective estimation of
electricity losses in the considered electrical networks is extremely important.

The features of the calculating electricity losses tasks in radial electric networks with
nominal voltage Unom ≥ 35 kV include: considering the reactive power QC of the power
lines; considering corona losses ∆Pcor in overhead lines; considering power losses ∆S in
network elements; considering the longitudinal ∆U and transverse δU components of
the voltage drop in the network elements, calculated according to the actual voltage U
of the network, and not according to the nominal Unom [10]. Distribution networks with
Unom ≥ 35 kV are similar in configuration to networks of 6–20 kV; from the point of view of
sate information, they are sufficiently provided and they are more adjacent to multi-circuit
electrical networks [11]. These specific features of Unom ≥ 35 kV networks indicate that, in
order to determine electricity losses, it is necessary to calculate power flows, i.e., determine
the unknown voltages in nodes, flows and power losses in network elements (power lines
and transformers) [12–19]. These power flow calculations [11,20,21] are performed, as
a rule, at a given voltage of the power supply and constant values of the loads on the
low-voltage side of step-down consumer substations (this is the way of specifying the
initial information that most closely matches the operating conditions and is typical for the
electrical networks under consideration).

To solve such problems, it is important to develop universal and efficient algorithmic
methods from the point of view of implementation and computation complexity.

Therefore, in [2,6,22], a structured hierarchical-multilevel approach was applied when
solving the following problems:

• Element-by-element calculation of load electricity losses in distribution electric net-
works 6–20 kV;

• Calculation of power flows and losses of electricity in radial electrical networks of
35 kV and above, at given loads and voltage of the power source;

• Problems of designing a system for electrical distribution networks’ overhead lines
wire breakage remote diagnostics.

The use of this approach made it possible to obtain a universal (for an arbitrary config-
uration and network complexity) and efficient (in terms of the number of computational
operations and the amount of computer memory consumed) algorithm.

In this paper, the described approach was used to calculate the power flows and losses
of electricity in radial circuits with different nominal voltages at given loads and voltage
of the power source. The advantage of this approach is that the use of the apparatus of
computing Petri nets for its implementation makes it possible to build a self-organizing
multicomponent computational algorithm, convenient from the point of view of implemen-
tation on a computer, modification and interpretation, as well as from the point of view
of the organization of parallel-sequential computations in order to increase the comput-
ing speed.

A distribution network with n nodes and m network elements (power lines and
transformers) with a tree structure is considered, which contains transformers connecting
subnets with different nominal voltages. The specified parameters are: network scheme;
loads powers; resistances and conductivities of elements; power source voltage and nominal
sub-network voltages. The unknown parameters are: unknown voltages at nodes, flows
and power losses at elements, power losses in the network as a whole.
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2. Structural Network Model

The scheme of a radial electric network with different nominal voltages is represented
in the form of an oriented graph (L, Γ) with a tree structure (see Figure 1), where L is a set
of network nodes (graph vertices); Γ is a mapping of the set L to L, showing how the nodes
of the network from the set L are connected to each other, meaning that:

Γ : L→ L, Γ(i) ⊂ L, ∀i ∈ L \ L0, (1)

Γ ⊆ L× L, Γi = {i} × Γ(i), ∀i ∈ L \ L0, (2)

Γ =
⋃

i∈L\L0

Γi, L \ {0} =
⋃

i∈L\L0

Γ(i), L0 ⊂ L, (3)

Γ(i) = ∅, Γi = ∅, ∀i ∈ L0, (4)

where L0—the set of end vertices of the (L, Γ) graph, i.e., end (load) network nodes; L \ L0—
set of intermediate graph vertices (L, Γ), including i = 0 vertex, i.e., including power
supply node; Γ(i)—set of end vertices of edges, which source vertex is a vertex i ∈ L \ L0;
Γi—set of edges (i, j), which source vertex is vertex i ∈ L \ L0.

Figure 1. Graph of a radial electrical network with different rated voltages.

A set LY is introduced, the elements of which are the numbers of subgraphs’ internal
nodes (three-ray stars) corresponding to three-winding transformers or autotransformers
of the electrical network (here, an internal node is a node connecting all three rays of a
subgraph).

Each vertex i ∈ L of the graph (L, Γ) of the network is associated with a nominal
voltage Unom,i. The elements of the sets LY and {Unom,i | i ∈ L} serve as signs for the
choice of the equivalent circuit and the corresponding calculation formula for each element
(i, j) ∈ Γ when calculating the power flows and losses of electricity in the network.

Figure 2 shows equivalent circuits of network elements with different nominal volt-
ages [11,21]:
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(a) Equivalent circuit of a two-winding transformer with Unom,i > 35 kV;
(b) Equivalent circuit of a power line with Unom,i > 35 kV;
(c) Equivalent circuit of a two-winding transformer with Unom,i ≤ 35 kV;
(d) Equivalent circuit of a power line with Unom,i ≤ 35 kV;
(e) Equivalent circuit of a three-winding transformer (three-ray star) or autotransformer,

where (l, g) corresponds the primary voltage winding; (g, d), (g, r)—secondary volt-
age winding; g—inner node of a three-pointed star connecting the (l, g), (g, d), (g, r).

(a) Two-winding transformer with Unom,i > 35 kV

(b) Power line with Unom,i > 35 kV

(c) Two-winding transformer with Unom,i ≤ 35 kV

(d) Power line with Unom,i ≤ 35 kV

(e) Three-winding transformer (three-ray star) or autotransformer

Figure 2. Equivalent circuits of network elements with different nominal voltages.
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Note that the equivalent circuit of the edge (l, g) is similar to the equivalent circuit of
(a) without an ideal transformer, and the equivalent circuits of the edges (g, d), (g, r) are
identical with the equivalent circuit (c).

In Figure 2, the following designations are adopted: Ss
ij, St

ij—power flows, respectively,
at the beginning and at the end of the section (source and target, respectively) (i, j) ∈ Γ;
SsZ

ij ,StZ
ij —power flows, respectively, at the beginning and at the end of the resistance Zij

of Section (i, j) ∈ Γ; Sj—power flowing through a node j ∈ L (since the power flows
are directed from the power supply node i = 0 to the set of load nodes L0, as can be
seen in Figure 1), then, St

ij = Sj, (∀(i, j) ∈ Γ); Ui, U j—node stresses, respectively, at the
beginning and at the end of Section (i, j) ∈ Γ; Ss

shij, St
shij—power flows (losses) in shunts,

i.e., in transverse branches, respectively, at the beginning and at the end of Section (i, j) ∈ Γ;
∆Sij—power loss in resistance Zij; ∆Pxij—active power losses in the steel of the transformer
for magnetization reversal (hysteresis) and eddy currents; ∆Qxij—losses of reactive power
in the steel of the transformer for its magnetization; ∆Pcorij—active corona power losses (or
in isolation); QCij—charging shunt power; kij—transformation ratio.

Furthermore, to calculate the above parameters of the power flow, the following
parameters of the network elements are used: Rij, Xij—respectively, the active and reactive
resistances of the longitudinal branch of Section (i, j) ∈ Γ; qij, bij—respectively, the active
and reactive conductivity in the transverse branches of Section (i, j) ∈ Γ.

The procedure for choosing an equivalent circuit and the corresponding calculation
formula for each Section (i, j) ∈ Γ when calculating the power flows and losses of electricity
in the network is described using the predicate functions given in Table 1.

In Table 1: F(p)
S (. . .)—operators for calculating power flows (S) of Section (i, j), type p;

and F(p)
U (. . .)—operators for calculating voltages (U) in nodes at the ends of sections (i, j),

type p.

Table 1. Predicate functions for choosing the equivalent circuit and calculation formula for each
Section (i, j) ∈ Γ of the network.

Section Type
Number (p)

Predicate Functions for Choosing the
Equivalent Circuit and Calculation
Formula for Each Section (i, j) ∈ Γ

Equivalent Schemes:
Figure 2

Operators for Calculating Power
Flows F(�)

S (. . .) and Voltages F(�)
U (. . .)

in the Network Nodes

1 (j /∈ LY) ∧ (Unom.i >
35 kV) ∧ (Unom,i > Unom,j)

(a) F(1)
S (. . .) F(1)

U (. . .)

2 (j /∈ LY) ∧ (Unom,i >
35 kV) ∧ (Unom,i = Unom,j)

(b) F(2)
S (. . .) F(2)

U (. . .)

3 (j /∈ LY) ∧ (Unom,i ≤
35 kV) ∧ (Unom,i > Unom,j)

(c) F(3)
S (. . .) F(1)

U (. . .)

4 (j /∈ LY) ∧ (Unom,i ≤
35 kV) ∧ (Unom,i = Unom,j)

(d) F(4)
S (. . .) F(2)

U (. . .)

5 (j ∈ LY) ∧ (Unom,i >
35 kV) ∧ (Unom,i = Unom,j)

(e), where i = l, j = q F(5)
S (. . .) F(2)

U (. . .)

6 (i ∈ LY) ∧ (Unom,i >
35 kV) ∧ (Unom,i > Unom,j)

(e), where i = g, j = d or
r F(3)

S (. . .) F(1)
U (. . .)

The following is an example of the formation of computational sets for the origi-
nal network topology in Figure 1. For the directed network graph shown in Figure 1:
L = {0, 1, 2, . . . , 45}; L0 = {1, 2, 3, . . . , 15}; L \ L0 = {0, 16, . . . , 44}; sets Γ(i), Γi, ∀i ∈ L \ L0
from (1) to (4), corresponding to this example are given in Table 2; the edges set Γ is obtained
using Formula (3), i.e., the union of sets Γi, ∀i ∈ L \ L0 (see Table 2).
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Table 2. Sets Γ(i) and Γi, ∀i ∈ L \ L0.

Sets Γ(i) ∀i ∈ L � L0 Sets Γi ∀i ∈ L � L0

1 Γ(0) = {44} Γ0 = {(0, 44)}
2 Γ(16) = {1} Γ16 = {(16, 1)}
3 Γ(17) = {16, 18} Γ17 = {(17, 16), (17, 18)}
4 Γ(18) = {19} Γ18 = {(18, 19)}
5 Γ(19) = {2} Γ19 = {(19, 2)}
6 Γ(20) = {21} Γ20 = {(20, 21)}
7 Γ(21) = {7, 22} Γ21 = {(21, 7), (21, 22)}
8 Γ(22) = {23, 24} Γ22 = {(22, 23), (22, 24)}
9 Γ(23) = {25, 45} Γ23 = {(23, 25), (23, 45)}
10 Γ(24) = {6, 26} Γ24 = {(24, 6), (24, 26)}
11 Γ(25) = {4} Γ25 = {(25, 4)}
12 Γ(26) = {5} Γ26 = {(26, 5)}
13 Γ(27) = {20, 28, 29} Γ27 = {(27, 20), (27, 28), (27, 29)}
14 Γ(28) = {30} Γ28 = {(28, 30)}
15 Γ(29) = {31} Γ29 = {(29, 31)}
16 Γ(30) = {32} Γ30 = {(30, 32)}
17 Γ(31) = {33} Γ31 = {(31, 33)}
18 Γ(32) = {8} Γ32 = {(32, 8)}
19 Γ(33) = {34, 35} Γ33 = {(33, 34), (33, 35)}
20 Γ(34) = {9} Γ34 = {(34, 9)}
21 Γ(35) = {10} Γ35 = {(35, 10)}
22 Γ(36) = {37} Γ36 = {(36, 37)}
23 Γ(37) = {15, 38} Γ37 = {(37, 15), (37, 38)}
24 Γ(38) = {39, 40} Γ38 = {(38, 39), (38, 40)}
25 Γ(39) = {11} Γ39 = {(39, 11)}
26 Γ(40) = {14, 41} Γ40 = {(40, 14), (40, 41)}
27 Γ(41) = {42, 43} Γ41 = {(41, 42), (41, 43)}
28 Γ(42) = {12} Γ42 = {(42, 12)}
29 Γ(43) = {13} Γ43 = {(43, 13)}
30 Γ(44) = {17, 27, 36} Γ44 = {(44, 17), (44, 27), (44, 36)}
31 Γ(45) = {3} Γ45 = {(45, 3)}

In the considered graph of the electrical network, the following is shown:

• All end sections of the network are double-winding transformers, the end nodes of
which form a set of load nodes L0;

• at sections (17, 18), (28, 30), (29, 31), two-winding communication transformers are
installed between network lines of different rated voltage;

• Two three-winding communication transformers are installed between the lines of
the network of different rated voltages: the first corresponds to a three-ray star from
three sections (20, 21), (21, 7), (21, 22) with an internal node g = 21; the second—to a
three-rayed star, consisting of three sections (36, 37), (37, 15), (37, 38) with an internal
node g = 37. Here, sections (20, 21), (36, 37) correspond to the primary windings,
and sections (21, 7), (21, 22) and (37, 15), (37, 38)—to the secondary windings of a
three-winding coupling transformer;

• Communication transformers divide the initial network graph into two subgraphs:
a subgraph with a lower step of the rated voltage Unom ≤ 35 kV, whose nodes are
shown as a point “�”; subgraph with the upper step of the rated voltage Unom > 35 kV,
which nodes are shown as a point with a circle.

The set of internal nodes of three-winding coupling transformers has the form
LY = {21, 37}.
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3. Calculation Algorithm Formulation and Discussion
3.1. Description of a Structured Hierarchically Multilevel Approach to the Calculation of Power
Flows and Losses of Electricity in Radial Networks with Different Rated Voltages

To calculate the power flows and losses of electricity in radial electrical networks with
different rated voltages, a two-stage method is used: in the first stage (from bottom to top),
the flows and power losses in lines and transformers (autotransformers) are determined
from loads to the power source; at the second stage, in the reverse order (from bottom to
top), the voltages Ui for nodes i ∈ L0 are calculated from the power supply to the loads.

Unlike [2,6,22], this work considers electrical networks with different nominal voltages,
i.e., networks with two subnets: a subnetwork with nominal voltage Unom ≤ 35 kV and a
subnetwork with Unom > 35 kV. To calculate the power flow of subnet with Unom > 35 kV a
two-stage iterative method is used [11,21], where the “bottom–up” and “top–down” stages
are repeated until the required calculation accuracy is obtained. To calculate the power
flow of subnet with Unom ≤ 35 kV—a two-stage method is used with one pass of the
“bottom–up” and “top–down” stages.

To establish and organize such a sequence of calculations, the initial graph is repre-
sented in the form of a hierarchically multilevel structure.

Since the original network consists of two subnets with different nominal voltages—
Unom ≤ 35 kV and Unom > 35 kV—the multilevel structure should be represented as two
steps with different rated voltages: step I with Unom ≤ 35 kV; and step II with Unom > 35 kV
(for the considered example of the network, see Figure 3).

Figure 3. Hierarchical-multilevel structure of the initial network graph (L, Γ) with two nominal
voltage subnetworks.

The proposed approach consists of the following steps.

3.2. Representation of the Initial Network Graph in the Form of a Hierarchical Multilevel Structure
with Two Steps of the Nominal Voltage

The example of the representation process result is presented on the Figure 3.
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Step 0. Calculate s = 0 and form the set of vertices of the s = 0-th level of the hierarchy
from the terminal vertices of the initial network graph, i.e., L0 set;

Step 1. Form the initial state of the sets LH
s , LL

s (where s = 0):

LH
0 = L \ L0, LL

0 = L0 (5)

Step 2. Set the initial value of the step number of the nominal voltage: a = 0;

Step 3. Calculate the next step number: a = a + 1;

Step 4. Calculate the number of the next top level in the hierarchy: s = s + 1;

Step 5. If a = 1, then form a set Ls of informationally secured vertices of the s-th hierarchy
level of the multilevel structure first step with Unom ≤ 35 kV:

Ls =
{

i ∈ LH
s−1 | (Γ(i) ⊆ LL

s−1) ∧ (Unom,i ≤ 35 kV)
}

. (6)

Step 6. If a = 2, then form a set Ls informationally secured vertices of the s-th hierarchy
level of the second step of the multilevel structure with Unom > 35 kV:

Ls =
{

i ∈ LH
s−1 | (Γ(i) ⊆ LL

s−1) ∧ (Unom,i > 35 kV)
}

. (7)

Step 7. If Ls 6= ∅, then calculate the new state of the sets LH
s , LL

s :

LH
s = LH

s−1 \ Ls, (8)

LL
s = LL

s−1 ∪ Ls, (9)

where LH
s ∪ LL

s = L,∀s ∈ {0, 1, 2, . . .}.
Step 8. If Ls = ∅, then go to step 9, otherwise go to step 4.

Step 9. If a = 1, then:
s = s− 1, sI

max = s. (10)

Step 10. If a = 2, then:
s = s− 1, sI I

max = s. (11)

Step 11. If LH
s 6= ∅ (or LL

s 6= L), then go to step 3; otherwise, go to the block for calculating
power flows and losses of electricity in the network, i.e., to step 12. The results of
this algorithm are:

• Set of level numbers
{

0, 1, 2, . . . , sI
max
}

of the first multilevel structure level
with Unom ≤ 35 kV;

• Set of level numbers
{

sI
max + 1, sI

max + 2, . . . , sI I
max
}

of the second multilevel
structure level with Unom > 35 kV;

• The set of network graph vertices for each s-th hierarchy level:
Ls, ∀s ∈

{
0, 1, 2, . . . , sI

max, sI I
max
}

.

3.3. Calculation of Power Flows and Losses of Electricity in Networks with Different
Nominal Voltages

Step 12. Set loads power Sj, ∀j ∈ L0 and power source voltage U0 denotes node i = 0
voltage;

Step 13. Calculate c = 1, k = 0 and for the k = 0 iteration take the voltage at the network
nodes equal to the nominal:

Ui(0) = Unom,i, ∀i ∈ L \ {0}. (12)

Step 14. Calculate the number of the next step of the iteration: k = k + 1.
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Step 15. Formulation of the computing process structure when calculating a network
power flow with different nominal voltages:

• Formulation of the calculation structure for the k = 1 iteration:

if k = 1, then{
xmin1 = 0, xmax1 = sI I

max,

xmin2 = sI
max, xmax2 = sI I

max

}
;

(13)

• Formulation of the calculation structure for the k > 1 and the stop condition:

if k > 1, then{
if

∣∣∣Uj(k−1) −Uj(k−2)

∣∣∣ > ε, ∀j ∈
⋃

i∈L
(sI

max+1)

Γi

, then

{
xmin1 = sI

max, xmax1 = sI I
max,

xmin2 = sI
max, xmax2 = sI I

max,

∆S(p) = 0, ∀p ∈ {1, 2, . . . , 6}
}

, otherwise{
c = 0, xmin2 = 0, xmax2 = sI

max
}}

,

(14)

where xmin1, xmax1 denote, respectively, the lower and upper limits of chang-
ing the number of the hierarchy level s at the first stage (from bottom to
top); xmin2, xmax2 denote respectively, the lower and upper limits of the
change in s at the second stage (from top to bottom); c ∈ {0, 1} denotes
the Boolean value to disable (c = 0) and enable (c = 1) of the compu-
tational module “from bottom to top” at the last cycle of the iteration k;
∆S(p) = 0, ∀p ∈ {1, 2, . . . , 6} denotes total power losses for different types
of sections (see Figure 2 and Table 1).

First stage. Calculation of flow distribution (module algorithm “from bottom to top”).

Step 16. If c = 1, then go to step 17; otherwise, go to step 21.

Step 17. Calculate the initial value of the hierarchy level number: s = xmin1.

Step 18. Calculate the number of the next top level in the hierarchy: s = s + 1.

Step 19. For each Section (i, j) ∈ Γi and each i ∈ Ls, calculate:

• Power losses ∆Sij(k) in resistance Zij of Section (i, j) to calculate the total loss of
electricity in the network;

• Power flow (Sij(k))
sZ at the beginning of the resistance Zij in Section (i, j) for

voltage U j(k) calculation at the end of Section j in the second stage;
• Power flow Ss

ij(k) at the beginning of Section (i, j) to calculate the power flow of
the node i;

• Power flow Si(k) of the node i.

The above power flows, depending on the type of sites (i, j), are calculated as follows
(see Figure 2 and Table 1):
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• For the sections (i, j) with double-winding transformers with Unom,i > 35 kV (as
can be seen in Figure 2a and Table 1, line 1):

if
(
(j /∈ LY) ∧ (Unom,i > 35 kV) ∧

(
Unom,i > Unom,j

))
,

then
{[

∆Sij(k), SsZ
ij(k), Ss

ij(k)

]
= F(1)

S

[
Sj(k), Ui(k−1), Uj(k−1)

]
,

∆S(1) = ∆S(1) + ∆Sij(k)

}
;

(15)

• For the sections (i, j) with overhead power lines with Unom,i > 35 kV (as can be
seen in Figure 2b and Table 1, line 2):

if
(
(j /∈ LY) ∧ (Unom,i > 35 kV) ∧ (Unom,i = Unom,j)

)
,

then
{[

∆Sij(k), SsZ
ij(k), Ss

ij(k)

]
= F(2)

S

[
Sj(k), Ui(k−1), Uj(k−1)

]
,

∆S(2) = ∆S(2) + ∆Sij(k)

}
;

(16)

• For the sections (i, j) with double-winding transformers with Unom,i ≤ 35 kV (as
can be seen in Figure 2c and Table 1, line 3):

if
(
(j /∈ LY) ∧ (Unom,i ≤ 35 kV) ∧ (Unom,i > Unom,j)

)
,

then
{[

∆Sij(k), SsZ
ij(k), Ss

ij(k)

]
= F(3)

S

[
Sj(k), Uj(k−1)

]
,

∆S(3) = ∆S(3) + ∆Sij(k)

}
;

(17)

• For the sections (i, j) with overhead power lines with Unom,i ≤ 35 kV (as can be
seen in Figure 2d and Table 1, line 4):

if
(
(j /∈ LY) ∧ (Unom,i ≤ 35 kV) ∧ (Unom,i = Unom,j)

)
,

then
{[

∆Sij(k), SsZ
ij(k), Ss

ij(k)

]
= F(4)

S

[
Sj(k), Uj(k−1)

]
,

∆S(4) = ∆S(4) + ∆Sij(k)

}
;

(18)

• For the sections (i, j) with primary windings of three-winding transformers with
Unom,i > 35 kV (as can be seen in Figure 2e and Table 1, line 5):

if
(
(j ∈ LY) ∧ (Unom,i > 35 kV) ∧ (Unom,i = Unom,j)

)
,

then
{[

∆Sij(k), SsZ
ij(k), Ss

ij(k)

]
= F(5)

S

[
Sj(k), Ui(k−1), Uj(k−1)

]
,

∆S(5) = ∆S(5) + ∆Sij(k)

}
;

(19)

• For the sections (i, j) with secondary windings of three-winding transformers
with Unom,i > 35 kV (as can be seen in Figure 2e and Table 1, line 6):

if
(
(i ∈ LY) ∧ (Unom,i > 35 kV) ∧ (Unom,i > Unom,j)

)
,

then
{[

∆Sij(k), SsZ
ij(k), Ss

ij(k)

]
= F(3)

S

[
Sj(k), Uj(k−1)

]
,

∆S(6) = ∆S(6) + ∆Sij(k)

}
.

(20)

Using the obtained power flows Ss
ij(k),∀(i, j) ∈ Γi,∀i ∈ Ls, calculate the power flows

for each node i ∈ Ls:
Si(k) = ∑

j∈Γi

Ss
ij(k), ∀i ∈ Ls. (21)
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Step 20. If s < xmax1, then go to step 18; otherwise, go to step 21.

Second stage. Calculation of voltages in network nodes (module algorithm “from top to
bottom”).

Step 21. Calculate the initial hierarchy level number s = xmax2.

Step 22. Calculate voltage U j(k) and its module Uj(k) for the ending node j of every Section
(i, j) ∈ Γi to calculate the flow distribution at the first stage of the next k + 1
iteration, and phase δj(k):

• For the sections (i, j) with double-winding transformers or for the sections
(i, j) with secondary windings of three-winding transformers:

if
(
Unom,i > Unom,j

)
,

then

{[
U j(k), Uj(k), δj(k)

]
= F(1)

U

[
Ui(k), Ui(k), SsZ

ij(k)

]}
;

(22)

• For the sections (i, j) with overhead power lines or for the sections (i, j) with
primary windings of three-winding transformers:

if
(
Unom,i = Unom,j

)
,

then

{[
U j(k), Uj(k), δj(k)

]
= F(2)

U

[
Ui(k), Ui(k), SsZ

ij(k)

]}
.

(23)

Step 23. Calculate the number of the next low level in the hierarchy: s = s− 1.

Step 24. If s > 0, then go to step 22; otherwise, go to step 25.

Step 25. If c = 1, then go to step 14; otherwise, go to step 26.

Step 26. Calculate the total losses of power and electricity in the network:

∆SC =
6

∑
p=1

∆S(p) = ∆PC + j∆QC; (24)

∆WC = ∆t · ∆PC, (25)

where ∆t denotes the time interval during which the voltage of the source and
the power of the loads are constant, meaning that:

U0 = const, Sj = const, ∀j ∈ L0. (26)

The stated approach is focused on applications of radial distribution networks in mod-
els. Most usage practices include the calculation and analysis of power supply networks
at the design stage and during operation—in addition to modernization. The model’s
strong points embrace a detailed presentation of network elements following physical
processes characteristics; system analysis and accounting for interaction impact; simplicity
algorithmization and the automation of existing power supply systems. Disadvantages
are associated with the difficulty of applying to complex-closed electrical networks, which
reduces the method versatility.

4. Conclusions

In this work, a structured hierarchical multilevel approach to the calculation of power
flows and losses of electricity in radial electrical networks with different nominal voltages at
given loads and voltage of the power source was developed. This approach is based on the
representation of the initial network graph in the form of a hierarchical multilevel structure,
divided into two stages with nominal voltages Unom ≤ 35 kV and Unom > 35 kV, and on
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the use of the traditional (manual) engineering two-stage method, where the calculation is
performed in a certain sequence, moving along the network structure from bottom to top
(stage 1) and from top to bottom (stage 2).

Since the network of the class under consideration consists of different types of sections
(power lines with Unom ≤ 35 kV and Unom > 35 kV, double-winding transformers with
Unom ≤ 35 kV and Unom > 35 kV, primary and secondary windings of three-winding
transformers (autotransformers)), then for the organization of the computational process,
conditions and predicate functions are established for the choice of equivalent circuits and
the corresponding calculation formulas for each type of sections. This also provides for the
separation of the computational process for two stages of a hierarchical multilevel structure,
for the first stage, a two-stage method with one pass from bottom to top and from top to
bottom, and for the second stage, a two-stage iterative method.

The algorithm development as well as the solution of specialized problems highlighted
in related works [2,6], involves the further investigation and implementation of software
with increased productivity in industrial processes. At the same time, based on this
approach, the authors are conducting research to increase the universality of the algorithm’s
application. Promising results suggest that one could obtain an algorithm based on this
one with the possibility of using it in complex-closed networks.
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