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Abstract: The electric power calculator (EPC) software, for the simulation and analysis of electrical
networks at the industrial frequency, is described in this article, including its source code and oper-
ational diagram. Compared to well-known commercial software, EPC directly provides the values
of the voltages, currents, and powers in each subsystem. The voltages and currents are calculated,
in phasor notation, applying Kirchhoff’s laws, while the powers are obtained through the compo-
nents of the apparent power vector. In this paper, the EPC software could be applied to three-phase
networks made up of a distribution transformer and two three-phase wye-configured loads. The
correctness of the results of the EPC software was verified by comparison with those obtained using
the Multisim commercial software and with the measurements recorded by the Fluke 435 analyzer
in a real distribution network of residential buildings. The values of the voltages and currents pro-
vided by the EPC were the same as those measured by the Fluke, and the differences observed using
Multisim were less than 0.6%. Consequently, the EPC software is an excellent complement for
power analyzers, because it is capable of providing measurements in all the network subsystems at
the same time, using a single analyzer.

Keywords: building networks; distribution systems; simulation software; power measurement;
industrial frequency

1. Introduction

Engineers and technicians need to know the state of operation of the electrical net-
works in their charge, as well as evaluate, in advance, the effects of non-useful energy and
those produced by untimely defects. The analysis of the operation of the electrical net-
works in a steady state can be carried out using either of the two following procedures:
(1) carrying out measurements in situ, with measuring instruments, or (2) using simula-
tion software. The first procedure has the advantage of providing accurate results, alt-
hough it requires the use of network analyzers installed in the different subsystems of the
network during the study period. The second procedure makes the following possible:

- To obtain measurements in all the subsystems at the same time, without the need to
use numerous and expensive measuring devices;

- To analyze the operation of electrical networks by applying efficiency improvement
techniques (compensation for reactive power and imbalances);

- To simulate operation in dangerous scenarios as practice (such as the presence of
short circuits or accidental breakage of the neutral conductor, among other possible
study cases).

The technical literature includes abundant examples of analysis software of electrical
and electronic circuits, both open-source and commercial. Of the software analyzed, the
following stand out, in our opinion: Multisim, LTSpice, Proteus, and PSCAD. All of these can
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be run using the Windows 10 operating system; the first three are based on the SPICE simula-
tor, while PSCAD uses EMT (electromagnetic transients) as a simulation engine.

Multisim [1], from National Instruments, has an interactive environment with elec-
trical schematics, which allows instant visualization and analysis of the operation of elec-
trical circuits, as well as transfer of the results obtained after the simulation to LabVIEW
analysis software. LTSpice [2], from the analog chip company Linear Technology, has a
graphical interface to test analog circuit diagrams and obtain simulation results, and its
waveforms can be viewed through a built-in viewer. Proteus [3], from LabCenter, is a
circuit simulation software, which includes elements such as measuring devices, signal
generators, switches, and lamps, among others. In addition, it includes visualizing graphs
of basic functions (frequency, distortion, noise, etc.) obtained from the measurements of
voltages and currents. PSCAD [4], developed by the Engineering and Development de-
partment of the Canadian company Manitoba Hydro International Ltd. (MHI), is a power
system simulation software that works with mathematical models (Newton-Raphson,
Runge-Kutta). It has a very extensive library, which includes everything from simple el-
ements to electrical machines. These tools are useful for calculating the voltages and cur-
rents of electrical and electronic circuits, although, in many of them, obtaining the values
of these quantities must be complemented by the use of LabVIEW 2015 analysis software.

The electric power calculator simulation software, described in this paper, allows the
direct calculation, without the additional use of LabVIEW software, of the voltages and
currents in the different subsystems of sinusoidal three-phase networks and the visuali-
zation of their values on the “system voltages and currents” screen. In the version de-
scribed in the paper, the EPC software was developed using the Excel platform (although
it could also be carried out with LabVIEW). Likewise, this EPC version can be applied to
wye-configured three-phase circuits, such as the one represented in Figure 1, which is
formed by a transformer. The secondary configuration is a star, and two three-phase loads
are also configured as a star, with a neutral conductor.
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Figure 1. Schematic representation of the three-phase system and its different subsystems.
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In the three-phase system of Figure 1, five subsystems can be distinguished:

(1) The transformer (TRANSFORMER); (2) the source (SOURCE), formed by the
transformer and the main line, with neutral point N’; (3) the point of common coupling
(PCC), which is the connection point of the source and loads, with neutral point N; (4) the
first load (LOAD 1), made up of that load and its individual line; and (5) the second load
(LOAD 2), made up of that load and its individual line.

Alike, the EPC software provides the values of the apparent powers and their com-
ponents (positive-sequence active and reactive, and unbalanced powers), in addition to
the active and reactive powers. These powers are obtained in each of the subsystems and
are displayed on the “apparent powers and components” screen. As a novelty, compared
to other simulation software, EPC uses vector expressions to determine the apparent and
unbalanced powers, which were developed in [5]. The module of the apparent power vec-
tor always coincides with the value of Buchholz’s apparent power [6]. The use of these
powers in vector notation gives great potential to the EPC software to simulate operations
with unbalanced loads, as seen in [5], and even to analyze the integration of renewable
energies in distribution networks. The study of the operation of unbalanced electrical net-
works is of great interest [7-20], and the components of the unbalanced power vector (S_u))
allow us to separately analyze the power effects of imbalances according to each of their
causes, namely, imbalances in active power supplies, imbalances in reactive power sup-
plies, and imbalances in supply voltages.

Additionally, the EPC software supplies the values of the neutral-displacement
power (S,) [21] and its relationship with the apparent power (S, /S). The last parameter
determines the effect of the operation of the neutral conductor in each subsystem. Equally,
the EPC software provides the values of the apparent powers according to the IEEE 1459-
2010 [22] and DIN 40110-2 [23] standards, at the point of common coupling (PCC) of the
three-phase system shown in Figure 1.

The EPC software screens used for entering data and reading the calculated voltages,
currents, and powers are described in Section 2. The diagrams and operating equations,
which constitute the source code of the EPC software, are established in Section 3. In Sec-
tion 4 of this article, the EPC software is used on a real distribution network supplying
residential buildings as an application example, and its results are compared with the
measures recorded by the power analyzer Fluke 435 Series II, as well as with those values
obtained with the commercial software Multisim. Finally, the conclusions are presented
in Section 5.

2. EPC Software Screens

The EPC software has three screens: “system data”, “apparent powers and compo-
nents”, and “system voltages, and currents”, which include the data values and results in
each of the subsystems represented in Figure 1.

2.1. “System Data” Screen

The first step in using the EPC software is to enter the characteristic values (features)
of the transformer, loads, lines, and neutral conductors on the “system data” screen (Fig-
ure 2).

On this screen, it can be seen that each subsystem has its corresponding table or ta-
bles, with its cells being initially empty, to enter the characteristic values of each subsys-
tem. It is important to note that it is necessary to fill in all the cells of these tables for the
correct operation of the software. If any cell must have an infinite value, it is enough to
include a very high value, greater than 10, for example, while, if there must be a value
equal to zero in a cell, it is enough to enter a value of at least 10-¢ for the software to work
correctly.
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Figure 2. “System data” screen: (a) transformer features; (b) theoretical values of transformer sec-

ondary EMFs and short-circuit impedances; (c) practical values of secondary EMFs and short-circuit
impedances; (d) load impedances; and (e) line and neutral conductor impedances.

e  Table of transformer features (Figure 2a).

The table for entering the of transformer features has six boxes, in which the user
must enter the following transformer data:

- Nominal power, in kilovolt-Amperes (kVA).
- Primary voltage, in volts (V).

- No-load secondary voltage, in volts (V).

- Short-circuit voltage, in percent (%).

- Copper losses, in watts (W).

- No-load losses, in watts (W).

With these values, the software calculates the phasors of the secondary EMFs and the
transformer short-circuit impedances, as presented in the table of Figure 2b. The user of
the EPC software has the possibility of directly using these theoretical values and entering
them in the tables of Figure 2¢, or else modifying these values in each phase to adjust them
to the constructive asymmetries of the transformer.

e  Tables of three-phase load complex impedances (Figure 2d).

The values of the module and the angle of the complex impedances of each phase of
the loads (named LOAD 1 and LOAD 2) must be entered in the cells of two tables (Figure
2d). The module of these impedances is entered in ohms (Q) and their angles are in de-
grees (not radians).

Note that if there is only one three-phase load or there are single-phase loads, no
empty cells should be left in the load tables. The software correctly operates when the
modules of the impedances of the non-existent phases are filled with a very high value,
greater than 106. The assigned angles of the non-existent impedances can have any value,
but these cells must always be filled in.

e  Tables of line complex impedances (Figure 2e).

The values of the module, in ohms (Q), and the angle, in degrees (°), of the line and
neutral conductor complex impedances are entered in the cells of three tables (Figure 2e).

In the system of Figure 1, there are three lines, which connect the secondary line of the
transformer with the loads. The MAIN LINE connects the secondary line of the transformer
with the point of common coupling (PCC) with the loads. The taps to each load connect the
PCC with the first load (LINE LOAD 1) and with the second load (LINE LOAD 2), respec-
tively.

Note that all cells must be filled in. If any line or any phase of a line does not exist,
either because it does not feed any load or due to accidental breakage, the cells of the
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ELECTRIC POWER CALCULATOR (EPC)

APPARENT POWERS & COMPONENTS

impedance modules of these lines will be filled with a very high value, greater than 10,
while any value can fill the cells of the angles.

The complex impedances of the phases and the neutral conductor of each line can
have different values. In this way, it is possible to simulate different lengths and sections
of the conductor, as well as the breaking process of one phase of the line or the neutral
conductor, progressively increasing their values.

2.2. Screen of “ Apparent Powers and Components”

This screen (Figure 3) summarizes, in tables, the values of the modules of the appar-
ent power vector, the unbalanced power vector, and its components. Furthermore, it sum-
marizes the value of the neutral-displacement power, calculated by the EPC software at
the industrial frequency, for each one of the subsystems of the sinusoidal three-phase system
represented in Figure 1. In addition, this screen indicates the values of apparent power calcu-
lated in the common point of coupling (PCC) according to IEEE 1459-2010 and DIN 40110-2
standards. For each subsystem, there are three tables (Figure 4) named “apparent powers and

VT

components”, “unbalanced powers and components”, and “neutral-displacement power”.
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Figure 3. Screen of “Apparent Powers and Components”.

The table of “apparent power and components” shows the module values of the ap-
parent power vector (S) of each subsystem in VA and its components, namely, the posi-
tive-sequence active power (P,), in W, the positive-sequence reactive power (Q.), in var,
and the unbalanced power (S,), in VA. Likewise, this table includes the values of the pos-
itive-sequence apparent power (S,), in VA, of the active power (P), in W, and of the reac-
tive power (Q), in var, calculated in each subsystem.

The table of “unbalanced powers and components” summarizes the module values
of the unbalanced power vector (S,,) in each subsystem in VA and its components, namely,
those due to active power (S,;,) and reactive power (S,;,) imbalances; S,;, which
measures the combined effects of S,;, and S,;4; and S,,,,, which measures the effects of the
voltage imbalances.
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The table of “neutral-displacement power” shows the neutral-displacement power
values (S,), which determine the effects of the operation of the neutral conductor in each
subsystem in VA. Evenly, these tables include the relative values of the ratio between the
neutral-displacement power and the apparent power (S,,/S) in each subsystem. This rela-
tive value is higher according to the deterioration of the neutral conductor increases.

Likewise, the “apparent powers and components” screen also includes a table with
the values of the apparent powers calculated in the PCC according to the IEEE 1459-2010
and DIN 40110-2 standards. The apparent powers according to the IEEE 1459-2010 standard
are calculated for two values of the parameter ¢, defined by this standard as the quotient be-
tween the active power of the delta and star loads (¢ = P,/Py). The value £ = 0 corresponds
to the electrical system of Figure 1, in which there are no delta loads. The value ¢ = 1 is rec-
ommended by the standard if the values of P, and Py are unknown.

2.3. Screen of “System Voltages and Currents”

This screen summarizes the phasor values of the voltages and currents calculated by
the EPC software in the phases of each subsystem (Figure 4).
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Figure 4. Screen of “System Voltages and Currents”.

The tables corresponding to the source, load 1, and load 2 show the phasors (RMS
value and angle) of the following quantities for each of these subsystems (Figure 5):

- Line-to-neutral voltages, in volts (V).
- Line-to-line voltages, in volts (V).
- Line and neutral voltage drops, in volts (V).
Line and neutral currents, in amperes (A).
The line-to-neutral transformer and source voltages are calculated on the neutral

point of the transformer (N’), while the line-to-neutral PCC and load voltages are meas-
ured on the neutral point of each of these subsystems (N, N1, and N2, respectively).
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Figure 5. Operational diagram of the EPC software.

3. Description of the EPC Software

This section describes the operational diagram of the software “electric power calcu-
lator” (EPC) and establishes the equations that make up its source code.

3.1. Operational Diagram

The operational sequence of the EPC software is represented in Figure 5. It begins
with the manual input of the data, in (1), and the analysis of the system represented in
Figure 1, in (2), which determines the values of the voltages and currents in its different
subsystems by application of Ohm’s law and Kirchhoff’s laws. With these voltages and
currents, in (3), the active and reactive powers in each subsystem are obtained. The appli-
cation of Fortescue’s theorem [24] determines, in (4), the positive-sequence components
of the voltages and currents in the different subsystems, from which the positive-sequence
active, reactive, and apparent powers are obtained, in (5), and the unbalanced powers in
(6). The apparent power vector and its components are obtained, in (7), from the positive-
sequence powers and the unbalanced power vector [5]. The neutral-displacement power
is determined, in (8), according to [21]. Equally, from the values of the voltages and cur-
rents in the different subsystems, obtained in (2), the effective voltages and currents are
determined, in (9), according to the IEEE Standard 1459-2010 [23], and the effective appar-
ent powers in (10). The apparent powers according to DIN 40110-2 [24] are calculated, in
(11), based on the voltages and currents determined in (2). These powers are displayed on
the “Apparent Powers and Components” screen in (12).

Voltages and currents, calculated in (2) for the different subsystems, are shown on
the screen of “System Voltages and Currents” in (13).
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3.2. Source Code

The “electric power calculator” (EPC) software has been developed in two blocks or
programming modules. The first and main module, designated as the power module, in
which the values of the apparent power vector, unbalanced power vector, and neutral-
displacement power, is determined. The second, we named the voltage and current mod-
ule, in which the values of the voltages and currents in each subsystem, necessary for the
power calculation, is obtained.

3.2.1. Power Programming Module

This module (Figure 6) is used for determining the apparent power vector and its
components in each subsystem, at the industrial frequency, based on the values of the
voltages and currents obtained in the different subsystems. This is carried out after enter-
ing data in stage (1) and after the analysis of the system in stage (2) of this programming
module.

DATA INTRODUCTION

(14}
:

MODULE OF SYSTEM
ANALYSIS

'

MODULE OF ACTIVE AND
REACTIVE POWERS
(16)

!

MODULE OF SYMMETRICAL
VOLTAGES AND CURRENTS

17
y

MODULE OF POSITIVE
POWERS

'

MODULE OF VECTOR
UNBALANCGED POWER
(19)

'

MODULE OF VECTOR
APPARENT POWER

(20}
v

MODULE OF NEUTRAL
DISPLACEMENT POWER

(21)
|

MODULE OF EFFECTIVE
VOLTAGES AND CURRENTS
(22)

:

MODULE OF IEEE 1459
EFFECTIVE POWERS
[

:

MODULE OF DIN 40110-2
APPARENT POWER

[24)
!

VISUALIZATION ON POWER
SCREEN (25)

(13)

[18)

23)

Figure 6. Power programming module.
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The power programming module comprises the following stages:

(a) Data entry in stage (14) of the programming module. In this stage, the characteristic
values of the transformer, of the lines, and of the neutral conductors, as well as of the
load phases of the system of Figure 1, are incorporated.

With the entered values, we know:

- the complex impedances of the first load (Z,1, Zg1, Z¢1), the complex impedances
of the second load (Z43,Zp,, Z¢2), the complex impedances of the main line
(ZoaZyp, Zyc and Zy,), and the complex impedances of the lines of the first load
(Zya1, 2151, Z1c1 and Z,;) and of the lines of the second load (Z}, 42, Z;p2, Z1c» and

Zn2);
- the theoretical phasors of the secondary EMFs of the transformer (E,, Eg, E¢),

_ Vy o o
Efy=——= £0°Eg = E, £ —120°E; = E, £120° 1
A3 B =Ea c=Ea D
where V,, is the no-load secondary line-to-line voltage;
- themodule (Z..) and the angle (¢,.) of the short-circuit impedances of the trans-
former,
_ VZZO * g% = inv 100 - P]N (2)
€= 7005y P T VS s,
where Sy is the rated power of the transformer, £% is the rated short-circuit volt-
age (in %), and Pjy is the rated copper losses.
(b) Analysis of the system in stage (15) of the programming module. This stage includes
the calculation of the phase voltages and currents of the different subsystems.
To do this, the analysis method of node voltages is applied to the system represented
in Figure 1, using the node N, corresponding to the neutral point of the PCC, as the
voltage reference, obtaining the following equations:

- Node A (PCC):
b (s )7 7 7
Zee+Zia \Zeet Z_L,lq Zim+Zn Zie+Ziw) " Zin+Zn " Zip+ Zgp VN 3)
_——_— ]7 I
Zee+Zyg MV
- Node B (PCC):
e )7 7 7
Zee+ Z1p Zee + Z_Lf Zipi+2Z Zigy+Zg) PN Zipi+Zp "N Ziga+Zgy VPV @)
Zee+Zyg VN
- Node C (PCC):
Fe _ ( RN S — ) 7 7 7
Zee+Zic Zee+Zie ZycatZen Zier+Zc N ZiertZen "N Zyea+Ze, M )
1 _
__ V 14
ch + ZLC NN
- Node N1 (neutral point of load 1):
o—( Lt +1)-V 7 7 T (6)
Z_LAl + Z_Al Z_LBI + Z_Bl Z_L61 + Z_Cl Z_nl NN Z_LAl + Z_Al AN Z_LBl + Z_Bl BN Z_LC1 + Z_Cl &

- Node N2 (neutral point of load 2):
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= ( ! + ! + ! + ! ) 7 v, ! 14 v, 7)
Z_LAZ + Z_Az Z_LBZ + Z_BZ Z_ch + Z_CZ Z_nz NN Z_LAZ + Z_Az an Z_LBZ + Z_BZ B Z_ch + Z_CZ N
- Node N’ (neutral point of the transformer):
E E E 1 1 1 _ 1 _
_ A_ — B_ _ C_ :<_ _ 4 — _ + = _ >'VN’N_TVAN_
ch + ZLA ch + ZLB ch + ZLC ch + ZLA ch + ZLB ch + ZLC ch + ZLA
LI Ly ®)
-5 ., 5 VYBNT 7 [ 5 VCN
ch + ZLB ch + ZLC

The unknowns in these equations are the PCC line-to-neutral voltages (Vyy, Vgn, Ven)
and the voltage differences between the neutral points of the transformer (Vyy), of the

first load (Vy,y) the second load (Vy,y), and the PCC neutral point (N).

Once these unknowns have been calculated, the EPC program determines the line-
to-neutral voltages of the first load (V4n1, Vgn1, Vent), of the second load (Vana, Vana, Venz),

and of the source (V,y7, Vgyr, Vop1), as follows:
VANl = VAN - I71\11N VANZ = VAN - VNZN VAN’ = VAN - VN’N
VBNI = VBN - I71\111\1 17BNz = 17BN - VNZN I713N’ = 17BN - VN’N
VCNI = VCN - VNlN chvz = VCN - VNZN VCN' = VCN - VN’N'
as well as the line-to-line voltages of these subsystems:
17AB1 = I7A1v1 - VBNI I7ABz = 17ANz - VBNZ I7AB = 17AN - I731\1
VBCl = VBNl - ch I7Bcz = VBNZ - VCNZ VBC = I7Bzv - VCN
I7CA1 = VCN1 - VAN1 17(:Az = chvz - I7ANz VCA = VCN - VAN'

the line-to-neutral and line-to-line secondary voltages of the transformer:

I7RN’ = Ea - Z_ccl_a VSN’ = Eb - Z_ccl_b VTN’ = Ec - Z_chc
VRS = VRN - VSN 17ST = VSN - VTN 17TR = VTN - VRN'

the line, source, and transformer secondary currents:

—Van' - _Eb_ BN' 1 _EC_VCN’

Z_cc - Z_LA b Z_cc - Z_LB ‘ Z_cc - ZLC‘

a

the first load currents:

5 Vant 5o Ven1 5o Vent
lpn =s———In =3 = A= % =
Zpy + 2 Zp1+Zip Zer+Zpca

the second load currents:

_— Vanz - _ Vena - _ Venz
lpp=—F%—In=73 = 2 =7 =,
Zpz 2142 Zgo +Zipo Zez +Z1c2

and the neutral currents:

©)

(10)

(11)

(12)

(13)

(14)

(15)

Likewise, the line-to-line voltages in each subsystem (k) are obtained applying Kirch-

hoff’s second law, that is:
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VABk = I7szk - VBNk VBCk = VBNk - VCNk VCAk = VCNk - VANk (16)

(c) Calculation of the active and reactive powers of each subsystem in stage (16) of the
programming module. Based on the phasors of the voltages and currents, obtained
in the previous stage; the complex power; the active power; and the reactive power
are obtained, using the following equations:

- on the first load,
S1 = Vans *Igs + Vana *Ipy + Veny - Iy PL = Re [S1] @ = Im [S4], 17)
- on the second load,
Sz = Vanz " laz + Vanz Iz + Venz * 12 P, = Re [$3] Q2 = Im [S,], (18)
- on the point of common coupling (PCC),
Spcc = Van 1 + Ven - Iy + Ven - I Ppec = Re [Spec] Qpec = Im [Specl, (19)
- on the source,
Ss=Van' *la + Vgnr - I + Ve * I¢ Ps = Re [$5] Qs = Im [S¢], (20)
- onthe secondary of the transformer,
St =Van' *la + Vsy' Iy + Vpyr - Ic Pr = Re [S7] Qp = Im [$7], 1)

(d) Symmetrical components of voltages and currents in stage (17) of the programming
module. In this stage, the positive-, negative-, and zero-sequence components of the
line-to-neutral voltages of each subsystem are obtained by application of Fortescue’s
theorem [24]:

- in the first load,

Vani+ = 5 Wan1 + aVpyy + a?Veny) Vana- = 5 Wany + a®Vpwna + aVens) Vanao

rEna T Eenn) (22)
=3 (Van1 + Vena + Ven),
- in the second load,
Vanz+ =5 (Wanz + aVenz + a?Venz) Vanz- = 5 (Wanz + a*Vnz + aVenz) Vawnzo )
1 — J— J—
=3 (Vanz + Venz + Venz),
- in the point of common coupling (PCC),
= 1,5 = = = 1,5 — = = 1,5 = =
Van+ =3 (Van + aVy + a®Vep) Vay- = 3 (Van + a®Vgy + aVey) Vano = 3 (Van + Vn + Ven), (24)
- in the source,
Van'+ = 5 Vayr + aVpyr + a?Vonr) Vanr— = 3 (Vanr + a*Vgn' + aVeyr) Van'o (25)
1 - j— p—
=3 (Van' + Vpyr + VCN')'
- in the secondary of the transformer,
Vo' = % (Vewr + aVsyr + a?Vpyr) Vpyr— = % (Vew + a?Vyr + aVpyr) Veyrg = % (Ven' + Vnr + V), (26)

as well as the positive-sequence currents corresponding to each phase of each
subsystem (not of the currents corresponding to the three phases of each subsys-
tem), that is:

- in the first load,

Ia1+

o L 1
=3 la1 Ipas =5 alpy Iy = 500y, 27)

1
3
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- in the second load,

3 17 7 1 5 7 1 o7

looy = §Ia2 Ip2y = 3 alpy Iezy = 3 a’ley, (28)
- in the PCC, source and secondary of the transformer,

aly Iy = 3 @I, (29)

W]

Loy =§I_a Ipy =

being a = 1£120° and a® = 12240° in the previous equations.

(e) Calculation of the positive-sequence powers in stage (18) of the programming mod-
ule. In this stage, the positive-sequence apparent, active, and reactive powers are cal-
culated in each of the subsystems, as follows:

- inthe first load,

Si+ = Vanrs - Uare + Ipay + IE14) Pry = Re [S14] @1y = Im [Sy4]
Paiy = Re [Vanis Ia14] Pors = Re [Vanry  Ipii] Porw = Re [Vanay - a4 (30)
Qar+ = Im [Vayry - Ia14] Qpry = Im [Vanay - I14] Qery = Im [Vanay - I14],
- in the second load,
Sy = Vanzs  Ugas + Ipas + I524) Poy = Re [S,,] Quy = Im [S,,]
Pzt = Re [Vanzy  Iaz+] Pooy = Re [Vanzy “ Inzi] Peow = Re [Vanay - Ii24] (31)
Qaz+ = Im [Vanzy  Io24] Qpzs = Im [Vanzs - Iy Qczy = Im [Vanzy - I24],
- in the point of common coupling (PCC),
Spcc+ = Vane * Ugs + Ipy +I24) Ppccy = Re [Speci] Qpecs = Im [Specy]
Ppcc,a+ = Re Wan+  Ia+] Ppccp+ = Re WVan+ " Ip+] Ppccc+ = Re WVan+ - Ii4] (32)
Qpccar = Im [Vany - I54] Qpceps = Im [Vans * Ini] Qpeccs = Im [Vany - Iy,
- in the source,
S+ = Vawry * gy + Iy + 12) Py = Re [Sgy] Quy = Im [Sgy]
Pay = Re [Vayry - Igs] Popy = Re [Vayry - Iyl Pocy = Re [Vyyry - I24] (33)
Qsar = Im [Vayry 1641 Qspy = Im [Vyyry - Ip ] Qsey = Im [Vyyry - IE4],
- in the secondary of the transformer,
Sr = Vewry Iaw + Vsyry Iy + Voyry - L2y Pry = Re [Sp4] Qry = Im [Sp4]
Prg+ = Re [VRN’+ “I54+] Prsy = Re [VRN’+ ’ I_;+] Prry =Re [VRN’+ “1E4] (34)
Qrp+ =1Im [VRN'+ Ig+] Qrse = Im [VRN’+ ’ 1_1;+] Qrr+ =1Im [VRN'+ 1E4]

(f) Calculation of the unbalanced power vector and its components in stage (19) of the
programming module. In this stage, the unbalanced power vector and its compo-
nents are calculated in each of the subsystems, as indicated in reference [6], namely:

- unbalanced power vector and value of its norm in each subsystem (k):

S—ulg = Suipk ' ﬁ + Suiqk ' Ei + Suvk Zsuk = \/Suipkz + Suiqk2 + Suvkz ’ (35)

- norm of the Sy, component of ﬁ’,
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Suipk = |5ulpk| = \/2 1+ Glzlk + ij) ' |PA+k + aZPB+k + aPC+k|: (36)

which measures the effects of the active power imbalances in each subsystem (k),
where | | indicates the module of a phasor quantity in Gauss’ plane and a =
1£120°, and a? = 1£240°.

- norm of the Sy, component of S_uk),

Suiqk = |[Swaqr| = j 2- (14 GZ + G2 |Qarie + a*Qprr + aQcyil, 37)

which measures the effects of the reactive power imbalances in each subsystem
(k)-

- norm of the S,;;, component of ﬂ,

Sk = Suipk ' ﬁ + Suiqk ' C-i Suix = |5ulk| = ’Suipk2 + Suiqk2 ’ (38)

which measures the combined effects of active and reactive power imbalances in
each subsystem (k),
- norm of the S,,, component of Sy,

Swok = |Suvk| = \[Glzlk + ij ’ |§+k|: (39)

which measures the effects of the unbalanced voltages in each subsystem (k), be-
1ng GUk and GAkI
Vk Vok

Gyp = 5— Gy =

—_—, 40
Uk Vi (40)

the negative- and zero-sequence voltage degrees of each subsystem (k).

(g) Calculation of the norm (S;) of the apparent power vector in stage (20) of the pro-
gramming module. In this stage, the apparent power vector is calculated at the fun-
damental-frequency in each subsystem (Sy), based on the values of its components:
the positive-sequence active power (P, ); the positive-sequence reactive power (Q);
and the components of the unbalance power vector (obtained in step f), as follows:

Sk = Py + Quic + Suipk " B+ Suig 4 + Suvk *Z Sk = |Si| = JP+k2 + Qui” + Suipk” + Suiqi” + Suvk” (41)

(h) Calculation of the displacement power of the neutral in stage (21) of the program-
ming module. In this stage, the value of the neutral-displacement power (S,) and its
relative value with the apparent power (S,,x/S) are calculated, as follows:

- Neutral-displacement power of each subsystem (k):

BV

nk_z—vzk k (42)
Z "z

where Vj, is the zero-sequence component of the simple stresses in subsystem
k, calculated in step d, and ¥, V% is the sum of the squares of the line-to-neutral
voltages in each subsystem.

- Relative value of the neutral-displacement power in the subsystem k:

Sk V3 Vor

onk _ (43)
Sk ZZ szk
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The value of this dimensionless parameter increases with the deterioration of the

neutral conductor.

)

(k)

@

Calculation of the effective voltages and currents in stage (22) of the programming mod-
ule. In this stage, the fundamental-frequency effective voltages and currents (V,, I,) are
calculated in the PCC, according to the IEEE Standard 1459-2010, as follows:

1
e \[m 3 (VAZN + VE?N + VCZN) +<- (VAZB + VBZC + VCZA)] (44)

1
I, = Jg (IZ+ 12 +12 + pI2) (45)
where the parameters

f=mp=" (46)

are the ratios between the active power consumed in the system by the delta (P,) and star
(Py) loads and between the resistance of the neutral (7;,) and of the lines (r), respectively.
In case the values of P, and Py are not known, the IEEE 1459-2010 standard suggests
using the value ¢ = 1. However, in the circuit of Figure 1, £ = 0, since there are no delta
loads.

Calculation of the effective apparent power in stage (23) of the programming module.
In this stage, the values of the fundamental-frequency effective apparent power are
obtained, in the PCC, according to IEEE 1459-2010 standard, as follows:

Se=3"Ve Ie (47)

Calculation of the apparent power according to DIN 40110-2 in stage (24) of the pro-
gramming module. In this stage, the values of the fundamental-frequency apparent
power are obtained in the PCC, according to DIN 40110-2, as follows:

1
Spiv = \[Z (VAZN + VBZN + VLgN + VAZB + VE?C + VC?A) ' (15 + Il? + Ig + 1%) (48)

The values obtained in the previous steps are displayed on the “apparent power and
components” screen in stage (25) of the programming module, as shown in Figure 3.

3.2.2. Voltage and Current Programming Module

This programming module consists of three stages (Figure 7) and is responsible for

collecting the values of voltages and currents in the phases of each subsystem (k), obtained
in stage (15) of the programming module, according to the equations expressed in step b.
The values of voltages and currents are displayed in tables on the “system voltage and
current” screen (Figure 5) in the programming module (26).
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DATA INTRODUCTION

(14)
|

MODULE OF SYSTEM
ANALYSIS (15)

DISPLAY SCREEN OF
VOLTAGES AND CURRENTS
(26)

Figure 7. Voltage and current programming module.

4. Practical Validation

The correctness of the results calculated with the EPC software is verified in a prac-
tical case in this section. The values of voltages, currents, and powers calculated with the
EPC software were compared to those measured with the Fluke 435 Series II analyzer in
the PCC of one of the transformation houses of the actual low-voltage distribution net-
work that supplies apartment buildings (Figure 8). Alike, the values of voltages and cur-
rents calculated by the EPC were compared to those obtained at the point of common
coupling with those obtained using the Multisim commercial software (Figure 9).

PCC
3 x 150 mm? N
o : P
L1 3 x 150 mm? A /
g 7 P w
: =t
2x150mmt__ p I -
L3 i >
Ix9mmt F—
H I
630 kVA
Dyn11 Y
Fluke 435
Analyzer W

Figure 8. Scheme of the actual residential distribution network used in the application example and
placement of the Fluke 435 Series II analyzer.
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XCP1 LOAD
Vi
Recci Lect Ra2 cﬁz
1]
227.73Vrms 2.5555904mQ 30.4654H 2.30035Q 43 3902201mF
50Hz
T e R e
Is i
Vo XCP2 50
= Rcc2  Lec2 Rb2 o2
H 8 o o 1
228.49Vrms 2.5555904mn 30.4654uH 2.2702276Q 29.730932mF
50Hz
120°
It 3
Ve XCP3 o
Py Reed  Lee3 line & [ Rc2 Ce2
T = e I
227.35Vrms 2.5555904m0  30.4654uH 17.2904508m0 1.9617358Q 19,018191mF
Eotiz Shisnes
v
Vb ZZZZZR‘I.’IZ Ln L
i

Figure 9. Simulation scheme of the distribution network using Multisim software.

The transformer was delta wye, had a nominal power of 630 kVA, and could be con-
nected to the 24 kV electrical network. Its no-load secondary voltage was regulated at 395
V. The short-circuit voltage was 4%, the no-load losses were 1300 W, and the copper losses
were 6500 W (Figure 10a).

M DATA

NOMINAL PRIMARY NO-LOAD
POWER KVA VOLTAGE VOLTAGE V
630 24000 395
Short-girct COPPER NO-LOAD
Voltage % LOSSES W LOSSES W
4 6500 1300 a)
'SECONDARY EMFs (PRACTICAL)
IMPEDANCE ANGLE
R-phase 227.73 0
S-phase 228.49 -120
T-phase 227.35 -240
c)
'SHORT-CIRCUIT IMPEDANCES (PRACTICAL)
IMPEDANCE ANGLE
R-phase 0.00950635 75.05
S-phase 0.00990635 75.05
T-phase 0.00950635 75.05

TRANSFORMER (THEORETICAL)
VALUE ANGLE
2°-EMFs 228.0534
IMPEDANCES 0.00990635 75.05 b)
LOAD
IMPEDANCE ANGLE
A-phase 2.3126 -5.9
B-phase 2.2728 -2.7
C-phase 1.9873 -9.2
d)
‘LOAD 2
IMPEDANCE ANGLE
A-phase 1000000000 ]
B-phase 1000000000 1]
C-phase 1000000000 1]

‘MAIN LINE

IMPEDANCE ANGLE
A-phase 0.00128 55.28
B-phase 0.00128 55.28
C-phase 0.00128 55.28
NEUTRAL 0.002 22.5
'LINE LOAD

IMPEDANCE ANGLE
A-phase 1E-09 0
B-phase 1E-09 0
C-phase 1E-09 ]
NEUTRAL 1E-09 1]
'LINE LOAD 2

IMPEDANCE ANGLE
A-phase 1E-09 0
B-phase 1E-09 0
C-phase 1E-09 0
NEUTRAL 1E-09 0e)

Figure 10. “System data” screen after entering transformer, line, and load data; (a) transformer fea-
tures; (b) theoretical values of transformer secondary EMFs and short-circuit impedances; (c) prac-
tical values of secondary EMFs and short-circuit impedances; (d) load impedances; and (e) line and
neutral conductor impedances.

To simplify the study, we grouped all the loads connected to the PCC (Figure 8) in
only one equivalent load, as show in Figure 9. Thevenin’s impedances of this equivalent
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load, including its lines, were obtained by the quotient between the line-to-neutral volt-
ages and the line currents measured by the Fluke 435 analyzer, in each phase of the PCC
(Figure 8). Their values were Z, = 2.3126£ —3.1°,Zp = 2.27284 — 1.9°,Z = 1.98732 —
9.2°, at the instance the Fluke 435 analyzer measured voltages and currents (11:57:58,
01/12/22, Figure 11a). These values were entered in the “system data” screen of the EPC
(Figure 10d).

UNBALANCE FUNDAMENTAL - VOLTAGES
P @ 00002 = A- Module B - Module C - Module N- Module
o L1 - L P 'ﬁ' 22757 |V (228273 |V (227227 |V (0044 v
Ufllnd A EE?EE EEBIB 22715 ll:l4 A - Phase B - Phase C - Phase N - Phase
L1 L2 N 17758 |® [2s2757 |° [137717 |° |[185553 | ®©
aur] 00 -1202 -2404 -2923
L1 L N FUNDAMENTAL - CURRENTS
Rund SLBId mIPEA 1143 E3ﬁ7 A-Module B-Module C-Module N- Module
: : A 114 A 223008
BAC)  -3541 -1175 -2312 -2118 SN SRR T ¥
01712/22 11:57:58 440U 50Hz 38 WYE  EN50160 A-Phase  B-Phase  C-Phase  N-Phase
| 2311 |* (20189 |® [14656 |® |172007 |
(a) (b)

Figure 11. Complex RMS values of the line-to-neutral voltages and line currents: (a) measured by
the Fluke 435 analyzer, and (b) calculated by Multisim, using LabVIEW.

The main lines between the transformer and the PCC were 4 m long and were made
up of three conductors with a section of 150 mm?, in each phase. This resulted in a complex
impedance of 0.00128255.28° per phase. The neutral conductor comprised three conductors
with a section of 90 mm?, with a total complex impedance of 0.0022£22.5° (Figure 10e).

4.1. Validation of Voltages and Currents Calculated by the EPC Software

The values of the voltages and currents obtained by the EPC software are compared in
this section with those measured by the Fluke 435 analyzer in the PCC of the distribution net-
work (Figure 11a) and calculated using the Multisim commercial software (Figure 11b).

Once the nominal values of the transformer (Figure 10a), loads (Figure 10d), and lines
(Figure 10e) were entered on the “system data” screen, the EPC software provided the
theoretical values of the secondary Electromotive Forces (EMFs) and short-circuit imped-
ances of the transformer (Figure 10b). However, entering these latter values directly into
the tables in Figure 10c EPC did not provide the same voltage and current values recorded
by the Fluke 435 Series II analyzer. This fact can be explained by the fact that the trans-
former has a small asymmetry and its EMFs are not balanced, in practice. For this reason,
the first step was to adjust the EMF values in the tables of Figure 10c until the EPC soft-
ware gave us the same RMS voltage values as those measured by the Fluke analyzer at
the PCC (Figure 11a). The validity of the adjustment made to the transformer EMFs on the
EPC software was demonstrated by the fact that the line currents calculated by the EPC
software (Figure 12) provided the same RMS values as those recorded by the Fluke 435
analyzer (Figure 11a) for those values of the transformer EMFs. Thus, the relative differ-
ence of 5.5% between the RMS neutral currents measured by the Fluke analyzer and cal-
culated by the EPC software must be attributed to an error in the Fluke’s measurement,
caused by the small value of the neutral current compared to the caliber of the Fluke’s
current sensor (note that the neutral current was much less than the line currents, Figure
11a).
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A-phase | B- phase | C-phase | Neutral
RMS 227.56|  228.19|  227.15
AL RTE S ANGLE -0.27 -120.26 119.67
RMS 394.67|  394.46]  393.67
VOLTAGES il [l 2 29.78 -90.37 149.73
- RMS 9840 10040  114.30 22.44
CURRENT

ANGLE 5.63 -117.56 128.87 134.58

Figure 12. Voltages and currents calculated by the EPC software at the point of common coupling
(PCCQ) of the residential distribution network.

Comparing the values of voltages and currents calculated through the EPC software
(Figure 12) and obtained by Multisim (Figure 11b), slight differences were observed of less
than 0.037% in voltages and 0.58% in currents. However, the values obtained with the
EPC software were closer to the actual values measured with the Fluke 435 analyzer.

4.2. Validation of Powers Calculated by the EPC Software

The apparent powers and their components calculated using the EPC software at the
PCC were compared, at the industrial frequency, with those recorded by the Fluke 435
Series Il analyzer, using two options: (1) according to Fluke’s unified power measurement
(UNI) (Figure 13a), and (2) according to the IEEE 1459-2010 standard (Figure 13b). Unlike
the EPC software, the Fluke 435 analyzer does not have the option to measure the appar-
ent power value according to DIN 40110-2.

POUER & ENERGY POUER & ENERGY
Puti $  0:00:16 F o P Puese & 0:00:29 F o Ik
kURunb B.1 kURunb 132
L1 L2 L3 L1 L2 L3
klliwnd 2250 2548 2172 B8.71 I klfnd® 2402 2497 2950 78350 I
L1 L2 L3 L1 L2 L3
kURfnd 2260 2351 2209 70.06 kURAsna 24.13 2502 2962 7386
L1 L2 L3 Total L1 L2 L3
Cos@ 1.00 1.00 0.98 1.00 Cos& 1.00 1.00 1.00 1.00
0112222 11:58:57 4400 S50Hz 38 WYE  EH50160 - 01r12s22 12:05:22 4400 50Hz 38 WYE  EHS0160
i - o [E mon RIS
(a) (b)

Figure 13. Fluke’s power screens for the PCC of the residential distribution network according to:
(a) Fluke’s unified power measurement (Puni) and (b) IEEE 1459 (Pieee) standard.

The screens of the Fluke 435 Series II analyzer do not provide the values of all the
powers it measures. This fact can be seen, for example, in Fluke’s power screen, according
to UNI (Figure 13a), in which only the values of unbalanced power (kVAunb), fundamen-
tal-frequency positive-sequence active power (kWfund+), and fundamental-frequency
positive-sequence apparent power are indicated. Fluke’s power screen, according to IEEE
(Figure 13b), only shows the values of the unbalanced power (kVAunb), the fundamental-
frequency positive-sequence active power (kWfund+), and the fundamental-frequency
apparent power (kVAfund). Therefore, the comparison with the powers calculated by the
EPC software (Figure 14) was made based on these powers only (Table 1).
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POINT OF COMMON COUPLING (PCC)

APPARENT POWERS AND COMPONENTS

11

VALUE 71434.08| 70793.70|-7536.523( 71193.73 58-54.95|
VALUE 7078595 -7531.8

UNBALANCED POWER AND COMPOMENTS (VA

L uigq L uv
VALUE | 44s0s0| 3766.48| 585331] 13878 585496

VALUE | B5.61 | 0.0012

|EEE 1459 & DIN 40110 POWERS

STANDARD APPARENT POWER [VA)
IEEE 1459 (£=1) 7228477
|EEE 1459 (£=PA/PY) 72284.80
DIN 40110-2 71979.66

Figure 14. Apparent (§) and unbalanced (z) power vectors, neutral-displacement power (S,), and
IEEE-1459 and DIN-40110 standards apparent powers calculated by the EPC software in the PCC.

Table 1. Summary of powers calculated by the EPC software and measured by the Fluke 435 Series
II analyzer and their comparison. (*) determined according to S, ;zzr = +/Skgr — S

UNI IEEE
POWER  EPC  Fluke D‘ff(‘j/“;“ce POWER  EPC  Fluke D‘ff(‘:/rf““
o o
S, (kVA) S (kVA) )
(kVAfund?) /19 70.06 159 gvaAfund) 7228 79.86 10.49
Py (kW) Py (kW) )
(Wfundy 070 69.71 152\ Whndy 7079 78.50 10.89
S, (kvA) i s, (kVA) ) ]
(VAunb) 5% 6.10 427 iy 1250 13.20 5.51

From Table 1, some differences between powers calculated by the EPC software and
measured by the Fluke 435 Series II analyzer were noted. Fluke’s measuring powers were
lower according to UNI than according to the IEEE 1459 standard. Power differences must
be attributed to the fact that all the EPC power calculations were made for the same in-
stance in which the Fluke analyzer measured the voltages and currents (11:57:58, Figure
11a). However, the power measurements with the Fluke analyzer were made at different
times compared to the voltage and current measurements. This is because it was necessary
to carry out operations on the analyzer in order to change from the voltage and current
measurement to power measurement, and even to change from the UNI to the IEEE. In-
deed, Fluke’s power measurements were carried out, according to the UNIL, at 11:58:57
(Figure 13a). This occurred almost one minute after the measurement of voltages and cur-
rents, when the operating conditions of the network of distribution had not varied much.
However, Fluke’s power measurements were made, according to IEEE, at 12:05:22 (Figure
13b), i.e., more than six minutes after the measurement of voltages and currents, when the
operating conditions of the distribution network had changed significantly.
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5. Conclusions

The EPC software for the simulation and analysis of three-phase sinusoidal net-
works, among which many distribution networks of residential buildings can be included,
has been extensively described in this article. Evenly, its correct operation has been veri-
fied comparing the results of its analysis using the Multisim commercial software and the
measurements recorded by the Fluke 435 Series II analyzer in a real distribution network,
which supplies apartment buildings.

The comparison of the values of voltages and currents calculated by the EPC software
and obtained by the Multisim commercial software determined small differences of less
than 0.037% in voltages and 0.58% in currents. In addition, there were no differences be-
tween the values of voltages and currents calculated by the EPC software and those meas-
ured by the Fluke 435 analyzer in the PCC of the distribution network of the residential
buildings supplied.

The power values calculated by the EPC software have been compared with those
recorded by the Fluke 435 analyzer, according to two electrical power theories: the unified
power measurement (UNI), sponsored by Fluke, and that sponsored by the IEEE 1459-
2010 standard. A problem with comparing the power values has arisen from the fact that
the EPC software calculates the powers at the same instance as the voltages and currents.
However, the powers measured by the Fluke 435 analyzer, which requires time spent in
operations to change the measured quantities, are carried out at different times. As a result
of the operations required, the power measurement with the Fluke 435 analyzer was car-
ried out when there had been changes in the loads of the distribution network. Despite
this, it has been verified that powers calculated by the EPC in vector notation provide
values very close to those measured by the Fluke 435 analyzer almost one minute later,
according to UNI. However, the power differences according to the IEEE were almost 11%
higher as more than 6 min had elapsed between measurements.

Another EPC software application that, in our opinion, may be of interest to users
and manufacturers of measuring instruments is to complement the features of commercial
network analyzers, by either:

1. Measuring powers according to theories not available in the analyzer, or
2. Analyzing the operation of all the subsystems of the distribution network using only
one analyzer at the same time.

This second application of the EPC software has allowed the detection of the presence
of transformer structural asymmetries in the actual distribution network of apartment
buildings used as a practical application in this paper.

6. Patents

The following patents and intellectual property have resulted from the work re-
ported in this manuscript:

e Vicente Ledn-Martinez and Joaquin Montafiana-Romeu. Method and system for meas-
uring imbalances in an electrical grid. Spanish patent ES2544902B2. Granted 22 Decem-
ber 2015.

e  Vicente Le6n-Martinez and Joaquin Montafiana-Romeu. Procedure and device for
the determination of the state of the neutral conductor in an electrical installation
Spanish patent ES2588260B2. Granted 28 April 2017.

e  Vicente Leén-Martinez, Joaquin Montafiana-Romeu, and Elisa Pefialvo Lépez. Elec-
tric Power Calculator: Software for calculating apparent power and its components
in power systems. Registered software of the Universitat Politecnica de Valencia.
Registration date: 29 April 2022.
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