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Abstract

This paper presents a theoretical and numerical extension of Budeanu’s power theory
for three-phase three-wire systems supplied by symmetrical nonsinusoidal voltages and
feeding unbalanced linear time-invariant loads. The proposed formulation combines the
classical Budeanu framework with the Currents’ Physical Components (CPC) theory to
provide a physical interpretation of Budeanu distortion power. Five mutually orthogonal
components of the load current are distinguished, namely the active, scattered, Budeanu
reactive, Budeanu-complemented reactive, and negative-sequence unbalanced currents.
Consequently, Budeanu distortion power is shown to be an orthogonal combination of three
powers (scattered, Budeanu-complemented reactive, and negative-sequence unbalanced)
and not merely a residual obtained from the apparent, active, and reactive powers. The
theoretical formulation is verified numerically using three illustrative delta-connected
load configurations fed by a voltage composed of the 1st, 5th, and 7th harmonics. In
all examples, the sum of the proposed components reproduces exactly the line currents
calculated directly with Ohm’s law and Kirchhoff’s current law, and they distinguish the
physical mechanisms responsible for each contribution to distortion power. The analysis is
restricted to 3-p 3-w circuits fed by symmetrical nonsinusoidal voltages and loaded with
linear time-invariant (LTI) elements, which are not sources of harmonics; consequently, it
does not directly address asymmetrical supply conditions, four-wire systems, time-varying
loads, or nonlinear loads with harmonic generation.

Keywords: budeanu power theory; currents’ physical components; CPC theory; distortion
power; three-phase three-wire systems; nonsinusoidal voltage; unbalanced load

1. Introduction

The description of power properties in electrical circuits supplied by nonsinusoidal
voltages and in unbalanced three-phase systems remains an important issue in electrical
engineering. This issue has acquired particular relevance due to the increasing presence
of power-electronic converters, nonlinear loads, distributed energy resources, and other
devices that modify voltage and current waveforms in electrical power systems [1-7]. In
these circumstances, classical power relations may fail to account for the growth of the
supply-current RMS value, the deterioration of the power factor, and the occurrence of
additional effects associated with waveform distortion and load unbalance [4-11].
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Budeanu’s theory, proposed in 1927 [1], is among the earliest frequency-domain
power theories and has had a lasting influence on the field. It defined active, reactive,
and distortion powers for circuits in which voltages and currents are nonsinusoidal. Its
formal simplicity contributed to its widespread use; however, the physical interpretation of
Budeanu reactive power and, in particular, Budeanu distortion power has been questioned
for several decades [4-7]. In the original formulation, Budeanu distortion power is obtained
as a residual quantity from the apparent, active, and reactive powers. Consequently, its value
does not identify the physical phenomena in the circuit or the equivalent load parameters
that cause the related rise in the current RMS value [4,5,7].

The issue remains relevant because Budeanu’s quantities have been repeatedly rein-
terpreted and compared with alternative approaches to the description of power under
nonsinusoidal conditions [12,13]. Contemporary research on frequency-domain non-active-
power decompositions also demonstrates that the definition, terminology, and physical in-
terpretation of non-active current and power components remain active research topics [14].
Therefore, a power theory intended for the analysis of practical three-phase systems should
not only calculate aggregate quantities but also distinguish the physical mechanisms that
produce non-active current components.

The Currents’ Physical Components (CPC) theory proposed by Czarnecki [2,8-11,13,15]
offers a description based on physical phenomena. In this theory, the current components
are related to equivalent load parameters and to distinct power-related phenomena. The
CPC approach has been developed for single-phase and three-phase systems, including
systems supplied by nonsinusoidal and asymmetrical voltages [13,15-19]. In particular,
the analysis of three-phase systems requires the circuit to be treated as a whole rather than
as three independent single-phase circuits. Such an approach is necessary for a consistent
description of apparent power, current components, power factor, and the effects of load
unbalance [15-17].

The application of CPC theory to three-phase three-wire systems is especially impor-
tant because the absence of a neutral conductor changes the structure of admissible current
components and the interpretation of load unbalance. In this class of circuits, a physically
meaningful power description must distinguish the effects of active energy transfer, conduc-
tance variation with harmonic order, reactive properties of the load, and negative-sequence
unbalance [10,15]. These properties cannot be fully represented by the original Budeanu
formulation, which provides only the total values of active power, Budeanu reactive power,
and residual distortion power.

In the authors’ previous works, the Budeanu formulation was extended to single-
phase systems [20]. The extension was later developed for three-phase four-wire systems
supplied by a symmetrical nonsinusoidal voltage, where the current of an unbalanced load
was represented by seven mutually orthogonal components [21]. In contrast to the four-wire
case, the absence of the neutral conductor in three-phase three-wire systems eliminates the
path for zero-sequence currents and reduces the number of mutually orthogonal current
components to five; the differences between these formulations are discussed in Section 6.7.

Road-lighting installations based on LED luminaires constitute an important practical
field in which the analysis of electrical quantities under nonsinusoidal operating conditions
is increasingly relevant. The electronic drivers incorporated in modern LED luminaires, par-
ticularly under dimming operation or within smart-control schemes, can affect the power
factor, reactive-power demand, and harmonic spectrum of the current drawn from the
supply network [22-26]. Laboratory and field studies have also shown that the current har-
monics and power demand of LED luminaires depend on the level and harmonic distortion
of the supply voltage [27,28], and that power-quality aspects should be assessed already at
the pre-evaluation stage of outdoor-lighting renewal projects [29]. These phenomena may
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deteriorate power-quality indices, contribute to additional active-power losses in supply
conductors, and affect the energy performance of the overall installation [22-26,30]. In
particular, limiting reactive-power flows in lighting installations has been shown to reduce
active-power losses, highlighting the practical importance of reactive-power management
and compensation [30]. Moreover, comprehensive energy audits of road-lighting systems
enable the identification of technical and operational measures that reduce energy intensity
and support the effective modernization of existing installations [31]. In this context, the
extended Budeanu theory provides a useful framework for separating non-active effects
associated with reactive-power transfer, frequency-dependent load parameters, and load
asymmetry. Such a decomposition can support the interpretation of measured current and
power quantities, the identification of dominant mechanisms responsible for the increase in
apparent power, and the selection of appropriate compensation or operating measures in
LED road-lighting installations.

The present work extends this research line to three-phase three-wire systems supplied
by symmetrical nonsinusoidal voltages and feeding unbalanced linear time-invariant loads.
The proposed formulation combines the common elements of the classical Budeanu theory
and the CPC theory. Within this formulation, the load current is split into five mutually
orthogonal parts: the active, scattered, Budeanu reactive, Budeanu—complemented reactive,
and negative-sequence unbalanced currents. It is further shown that, in the considered 3-p
3-w systems, Budeanu distortion power is not an unspecified residual but consists of three
parts: the scattered, Budeanu-complemented reactive, and negative-sequence unbalanced
powers.

The paper is structured as follows. In Section 2, the CPC description of a 3-p 3-w circuit
with a symmetrical nonsinusoidal supply is recalled, together with the current components
and powers that serve as the physical reference for the extension. Section 3 combines the
circuit-theory description and the classical Budeanu formulation. It first describes the
calculation of branch and line currents using Ohm’s law and Kirchhoff’s current law, which
provides the reference solution for the component decomposition, and then summarizes the
classical Budeanu theory, emphasizing the limitation resulting from the residual definition
of distortion power.

Section 4 develops the extended Budeanu formulation for 3-p 3-w systems. First,
the common active-current component and the Budeanu reactive current are defined.
Subsequently, the Budeanu-complemented reactive current is introduced, and the five-
component orthogonal current decomposition, together with the corresponding power
equation, is obtained.

Section 5 presents three theoretical illustrations for unbalanced LTI loads supplied by
a symmetrical nonsinusoidal voltage. The examples demonstrate the general case with all
components of Budeanu distortion current, the case without conductance scattering, and
the purely reactive unbalanced-load case. Section 6 discusses the physical interpretation
of the obtained results and compares the mechanisms responsible for Budeanu distortion
power in the three cases. Finally, Section 7 summarizes the main conclusions and outlines
the relevance of the developed formulation to future studies on ideal and minimizing
compensation in 3-p 3-w systems.

2. Currents’ Physical Components Theory for 3-p 3-w Systems

Consider a three-phase three-wire system supplied by symmetrical nonsinusoidal line-
to-line voltages and feeding an unbalanced linear time-invariant load. The supply source is
assumed to be ideal, i.e., with zero internal impedance; therefore, the terminal voltages do
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not depend on the load parameters, and the load affects only the currents. Let U, and I,
denote the vectors of the complex RMS values of the voltage and line-current harmonics:

ug () Uy,
u(t) = |ug(t) | = V2Re Y | Ug, [0 = V2Re Y U, eimet 1)
ur(t) neN | Uy, neN
and:
ir(£) Iy,
it = |ig(t) | = V2Re Y | I, [e™! = V2Re ) Lot 2)
ir(t) neN | I, nen

where 1 denotes the harmonic order, N is the set of harmonic orders present in the supply
voltage (in the theoretical illustrations, N = {1, 5, 7}), w; is the fundamental angular
frequency, and U,, and I, are the vectors of the complex RMS values of the n-th harmonic of
the terminal voltages (measured with respect to the artificial zero, Figure 1) and of the line
currents, respectively. Hence, Equations (1)—(7) are formulated in the harmonic domain
and are not limited to the fundamental frequency.

DO O

Un, n€N=1{1,5,7} In

RA iRl’l
~ A >

URn
Sf\ lS” -
~ A g
Uusn
TA iTn -
~ A i
Uty
= Unbalanced Delta-Connected
Artificial Zero LTI Load

Figure 1. Scheme of the three-phase three-wire system considered in Theoretical Illustration 1
(unbalanced RLC load), supplied by a symmetrical nonsinusoidal voltage source (series connection
of harmonic sources of orders n € N = {1, 5, 7} in each phase). The arrows denote the reference
directions of the line currents and of the voltages measured with respect to the artificial zero.

The total equivalent conductance can be obtained from the active power P balance
as follows:
> P, ,

Ge — neN =— (3)
[T v )

This equivalent conductance gives rise to the active-current component i,, which is
expressed as follows:

i, =G =\2Re ) G.U,e" (4)
neN

Using Equation (3) together with the harmonic-specific equivalent conductances, the
scattered-current component i, can be expressed as follows:

i, = V2Re ) (G, — G )U,e" ! (5)

neN
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The harmonic-specific equivalent susceptances yield the following expression for the
reactive-current component i,:

i, = 2Re ) jB, U, (6)
neN
For a three-phase three-wire circuit supplied by a symmetrical nonsinusoidal voltage
source, the total unbalanced current consists of only one component, namely the negative-
sequence unbalanced current. It can therefore be expressed as follows:

iu = iﬂ = \/ERQ Z I{‘me]'nunt — \/ERe Z Anuznejnwlt (7)
neN neN

For the considered three-phase three-wire load under nonsinusoidal supply conditions,
the resultant current can be written as follows:

i=i, +i,+i, +1, (8)

The three-phase RMS value of the load current is therefore composed of four mutually
orthogonal components, and its square equals the sum of their squares:

o2 .2 .12 .2 .n2
17 = llall” + ™ + [l + gl ©)

The corresponding power equation, derived from the orthogonal voltage and current
components, can be written as follows:

§*=P*+Q*+D; + Dy (10)

where the reactive power Q, the scattered power D, and the negative-sequence unbalanced
power D} are each equal to the product of the voltage three-phase RMS value and the
three-phase RMS value of the respective current component: Q = |u, |||, Ds = |lu,lllill,
and D% = |lu,|lial; Equation (10) is obtained by multiplying Equation (9) by llu,,||>. The
scattered power results from the variation in the load conductance G,, with harmonic order
around the equivalent conductance G,, whereas the negative-sequence unbalanced power
results from load unbalance, described by the unbalanced admittance A,,. The superscript n
in i, and D} denotes the negative sequence and should not be confused with the harmonic
order n.

The component quantities introduced in the preceding equations are defined below.
In particular, the unbalanced admittance A, is given by the following:

A, = =Yt + BY1ra + B Yrsn) (11)
whereas the voltage vector associated with load unbalance can be written as follows:

URn
uy, = | pUs, (12)
IB*UT'”

A key quantity in the above formulation is the generalized rotation coefficient 3, defined
as follows:
ﬁ:lef5120°:{szl forn =3k +1 (13)

s=-1forn=3k-1

where s is the sequence indicator of the n-th voltage harmonic: s = 1 for positive-sequence
harmonics (n = 3k + 1) and s = —1 for negative-sequence harmonics (n = 3k — 1), k being a
natural number.
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The power factor A is as follows:
p p
)\ = — =
VP2 + Q2+ D2 + D12

- (14)

Equations (3)-(7), adopted from the CPC theory for 3-p 3-w systems [2,10,15], define
the equivalent conductance, active current, scattered current, CPC reactive current, and
negative-sequence unbalanced current, respectively. The 3-p 3-w load current therefore con-
tains four mutually orthogonal CPCs. No independent positive-sequence or zero-sequence
unbalanced component is present in the adopted formulation.

3. Classical Budeanu Power Theory and Line Currents Obtained from
Circuit Laws

In the classical Budeanu approach, active and reactive powers are calculated as the
sums of the harmonic active and reactive powers. Distortion power is then defined as the
residual part of the apparent power.

According to Budeanu [1], the active power P, the reactive power Qg, and the distortion
power Dy are defined as follows:

pP= Z UxpIxnC0S@ x_xyn = Z UyynlyynCoS@ yy—_yyyn (15)
neN neN

Qp = Z UxylxnSing x_xyu = Z UyynlyynSIMQ vy_yyyn (16)
nenN neN

Dy = /S? - P2 — Q2 (17)

Here, X denotes a phase index from the set {R, S, T}, whereas YY denotes a line-to-line
branch index from the set {RS, ST, TR}.

The classical definition provides the value of Dy but does not identify the physically
distinct current components constituting this power.

The harmonic branch currents are calculated from Ohm'’s law using the line-to-line
voltages and the corresponding branch admittances. The line currents are subsequently
reconstructed using Kirchhoff’s current law. These currents constitute the reference solution
used to validate the CPC and extended Budeanu current decompositions.

The complex RMS values of the branch currents in the delta-connected load are ob-
tained from Ohm’s law. The line currents are then determined from Kirchhoff’s current law:

IRSn = YRSn uRSn
ISTn = YSTn uSTn (18)
Itgy = Yrr Urry

The complex RMS values of the line currents resulting from the line-to-line currents in

the delta-connected system are given by the following:

Iy, = Igsy — Itrn
Is, = Isty — Irsy (19)
ITn = ITRn - ISTn

Finally, the line currents in a three-phase three-wire system can be expressed as follows:
Iry = Ugsy Yrsn — Uty Yrre
ISn = uSTnYSTn - URSnYRSn (20)

Iy, = Urg, Yrr, — USTnYSTn
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For the three-wire system supplied by a symmetrical nonsinusoidal voltage, the three-
phase RMS value of the load current is as follows:

N
=) (fRn+ 8 + 1) (21)

n

4. Extended Budeanu Power Theory for 3-p 3-w Systems

The formulation presented below is restricted to three-phase three-wire systems. Sys-
tems with a neutral conductor, in which zero-sequence currents and triplen harmonics
can flow and the unbalanced current contains positive-, negative-, and zero-sequence
components, were analyzed for a symmetrical nonsinusoidal supply in [21], where a seven-
component decomposition was obtained. A comparison of both formulations is given in
Section 6.7.

4.1. Common Elements of the CPC and Budeanu Theories

The active current in the CPC and Budeanu descriptions is the same because active
power is common to both theories. Budeanu reactive power defines the equivalent Budeanu
susceptance B.p and the corresponding Budeanu reactive current; the same definitions were
used for single-phase and four-wire systems in [20,21].

Both theories obtain the active power as the sum of the harmonic active powers,
Equation (15); for periodic waveforms, this sum equals the average of the instantaneous
power over one period; the same active power determines the equivalent conductance
G, in Equation (3). Consequently, G, and the active current i, are common to both
theories [5,8,13,20,21]. The reactive quantities differ because Qy is the algebraic sum of
harmonic reactive powers of possibly opposite signs, whereas the CPC reactive current
depends on the susceptance B,, of each harmonic separately. The scattered and unbalanced
currents are not defined in the classical Budeanu theory and are adopted here from the
CPC theory without modification.

The equivalent susceptance is defined as follows:

B 5= _né\l Qn _ _QB
eb ™ - 2
S g,
neN

(22)

Based on the equivalent susceptance of the complete system Bz, the expression for
the Budeanu reactive current can be derived as follows:

irB = \/ERe Z jBeBUnejnw1t (23)

neN

Its three-phase RMS value is determined from the following:

[eX

[l (24)

||1rB|| = |BeB|”u” =

The condition under which the reactive currents in the two power theories are equal is
given below:

i,=1ip © B,=Bg=B.forallneN (25)

The CPC reactive current and the Budeanu reactive current are equal if and only if
the load susceptance is invariant with harmonic order over the harmonic set present in the
supply voltage. A sinusoidal supply is a trivial special case because it contains only one
voltage harmonic.
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4.2. Physical Interpretation of Budeanu Distortion Power

The extended theory retains the active, scattered, and negative-sequence unbalanced
currents from the CPC theory. The difference between the CPC reactive current and the
Budeanu reactive current is associated with the deviations of the harmonic susceptances
from Bg and defines the Budeanu-complemented reactive current, namely:

ich = \/ERQ Z [](Bn - BeB)]Unejnwlt (26)

neN

The three-phase RMS value of this current is as follows:

Jicesll = d Y [(B, = Bl ] (27)
neN

With the additional component included, the load current in the three-phase three-wire

system supplied by a symmetrical nonsinusoidal voltage source is given by the following:

i= ia + is + irB + ich + lﬂ (28)

The additional current component is orthogonal to the remaining components (see
Appendix A). Therefore, the following expression for the three-phase RMS value of the
load current can be written according to the extended Budeanu theory:

) 2 2 2 2 2
1P = [liall” + gl + g™ + licesl™ + [55] (29)
The power equation in this case takes the following form:
S2=P2+ D2+ Q% + Q% + D2 (30)

In three-phase three-wire systems supplied by symmetrical nonsinusoidal voltages,
Budeanu distortion power Dy can consist of up to three components, namely:

D% = D? + Q% + D2 (31)

where Q. = llulll|i.g| is the Budeanu-complemented reactive power, whereas D, and D} are
defined as in Equation (10). The scattered power results from the conductance variation with
harmonic order (G,, # G,), the Budeanu-complemented reactive power from the deviation
of the harmonic susceptances from the equivalent Budeanu susceptance (B,, # B.g), and
the negative-sequence unbalanced power from load unbalance (4, # 0). Because these
components consist of several harmonics of different frequencies, they cannot be represented
jointly on a single phasor diagram. Their relation has a geometric interpretation in terms of
mutually orthogonal quantities: ||i] is the diagonal of a rectangular construction formed by
.l llisll, and |ligg|l, where the Budeanu distortion current igg is in turn formed by i, i,
and i};, so that Dy = ||ull||igg]-

Thus, the load current in the extended Budeanu theory consists of five mutually orthog-
onal components: active, scattered, Budeanu reactive, Budeanu-complemented reactive,
and negative-sequence unbalanced current. The quantities Dg,D,, and D} are expressed in
VA, whereas Qg and Q. are expressed in var.

4.3. Use of Generative Artificial Intelligence

Generative Al tools were used for two purposes only: to help prepare the graphical
layouts of the circuit schemes of the three theoretical illustrations and to check the English
grammar and syntax after translation. All theoretical derivations, numerical calculations,
choices of load parameters, analyses, interpretations, and conclusions are the authors” own
work and were verified by them. Every Al-assisted element was checked and edited by the
authors, who accept full responsibility for the content of the manuscript.
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5. Theoretical Illustrations

The following three theoretical illustrations demonstrate the occurrence of the individ-
ual components of Budeanu distortion power. The supply voltage has the same harmonic
amplitudes and harmonic content in all illustrations. Harmonics of order n = 3k are not
considered for the reasons given below. The supply source is assumed to be ideal (zero
internal impedance); hence, the same symmetrical nonsinusoidal voltage is applied in all
three illustrations, which differ only in the parameters of the unbalanced load. In Figure 1
(and in the corresponding schemes of Illustrations 2 and 3), the source u,, in each phase
represents the series connection of the harmonic voltage sources of orders n € N = {1,
5, 7}, in accordance with the Fourier-series representation of the periodic supply voltage.
The proposed theory is valid for any finite set of harmonics N. The harmonics 1, 5, and
7 were selected because (i) in a symmetrical three-wire system, triplen harmonics are of
zero sequence and do not produce line currents; (ii) the fifth and seventh harmonics are
the characteristic harmonics of six-pulse power-electronic converters (n = 6k + 1) and are
among the harmonics most commonly found in low-voltage networks [28]; and (iii) this is
the minimal set containing both negative-sequence (1 = 5) and positive-sequence (n =1, 7)
harmonics. Including higher-order harmonics would only add further terms to the same
sums without introducing a new physical phenomenon.

5.1. Theoretical Illustration 1

Theoretical Illustration 1 concerns a 3-p 3-w circuit fed by a symmetrical nonsinusoidal
source with the 1st, 5th, and 7th harmonics; the delta-connected LTI load has its branches
between lines R-S, S-T, and T-R. This general RLC case is used to check the five-component
decomposition and to identify the components of Budeanu distortion power.

Table 1 gives the branch resistances and reactances at the fundamental frequency.

Table 1. Theoretical Illustration 1: fundamental-frequency parameters of the load branches.

Parameter in Line RS Line ST Line TR
Resistance 6 8 4
Inductive reactance 3.142 15.708 -
Capacitive reactance - - 3.183

The branch parameters for the n-th harmonic are obtained from the fundamental-
frequency values as R,, = R, Xy,, = nX;;, and X¢,, = % ; the same rule is applied in all
three theoretical illustrations.

Figure 2 shows the nonsinusoidal source voltages at terminals R, S, and T.

The supply voltage in Figure 2 has the three-phase RMS value:

llull = 399.97 V

Table 2 summarizes the complex harmonic admittances of the three branches of the
delta-connected load.

Table 2. Theoretical Illustration 1: complex branch admittances for harmonics n =1, 5, 7.

Harmonic Order Branch RS (S) Branch ST (S) Branch TR (S)
n=1 0.148¢7727¢° 0.058¢76%° 0.196¢/%8>
n=>5 0.060e~76%-1° 0.013¢ 7784 0.247¢/*
n=7 0.044¢ 7747 0.009¢ 78> 0.248¢/->°
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Figure 2. Nonsinusoidal supply voltages at load terminals R, S, and T.

Ohm’s law yields the complex RMS values of the harmonic branch currents, and
Kirchhoff’s current law then gives the line currents; both sets of values are collected in
Table 3.

Table 3. Theoretical Illustration 1: complex RMS values of the branch (line-to-line) and line currents
for harmonicsn =1,5, 7.

Harmonic Order Branch RS (A) Branch ST (A) Branch TR (A)
n=1 58.82¢/*% 22.60e7/15% 77.93¢ 71715
n=>5 2.06e7/991° 0.440/5-8° 8550 /141°
n=7 0.38e /447 0.08e /1758 2 15¢/156-5°

Harmonic Order Line R (A) Line S (A) Line T (A)
n=1 136.56¢/>%" 79.92¢77170-5" 56.95¢ /1787
n=>5 7.15¢/%%° 221699 8.90p-/142.5°
n=7 2.51¢7/267° 0.440/143.1° 2 08¢/155-5°

The resulting line-current waveforms obtained from Equations (18)—(20) are shown in
Figure 3.
For the line currents in Figure 3, the three-phase RMS value is as follows:

llill = 168.596 A

Using Equations (15) and (16), the active power and Budeanu reactive power were
calculated for each considered harmonic. Table 4 lists these values together with their totals
for the complete three-phase system.

For Theoretical lllustration 1, Equation (14) gives the following power factor A:

A=0734
From Equation (3), the load in Figure 1 has the equivalent conductance:

G, = 0.3093 S

https://doi.org/10.3390/en19215312
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Table 4. Theoretical Illustration 1: three-phase active, Budeanu reactive, distortion, and
apparent powers.

Harmonic Order Active Power P (W) Budeanu Reactive Budeanu Distortion Apparent Power S

Power Qg (var) Power Dy (VA) (VA)
n=1 49,136.5 —439.3
n=>5 319.6 35.2
n=7 194 1.8
SUM 49,475.5 —402.3 45,817.2 67,433

250

——Line R

200

150

100

50

Current [A]
o

-50

-100

-150

-200

250 | I | |
0 0.01 0.02 0.03 0.04 0.05 0.06

time [s]

Figure 3. Theoretical Illustration 1: line currents calculated with Ohm’s law and Kirchhoff’s current
law (reference solution).

The harmonic equivalent conductances and susceptances of the load are given in
Table 5; they are defined with respect to line (not line-to-line) quantities.

Table 5. Theoretical Illustration 1: equivalent conductances and susceptances of the load for harmonics

n=1,5,7.
Harmonic Order Equivalent Conductance (S) Equivalent Susceptance (S)
n=1 0.3096¢/® 0.0028¢/°”
n=>5 0.2663¢/ 0.0294¢—7°%
n=7 0.2590¢/% 0.0233¢ 770"

Equation (22) of the extended Budeanu theory gives the equivalent Budeanu suscep-
tance of the load in Figure 1:
B. =0.0025S

The five current components obtained from the extended Budeanu formulation are
summarized in Table 6.

The active, scattered, and negative-sequence unbalanced currents are common to the
CPC theory and the extended Budeanu theory. The associated waveforms are shown in
Figures 4-8. Each waveform represents the time-domain sum of the contributions of all
considered harmonics (n = 1, 5, 7) in lines R, S, and T; it does not represent a separate
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harmonic. The shapes of the scattered current (Figure 5) and of the Budeanu-complemented
reactive current (Figure 8) are dominated by the fifth harmonic, for which the RMS values
of these components are the largest (Table 6).

Table 6. Theoretical Illustration 1: three-phase RMS values of the five load-current components in the
extended Budeanu theory.

Harmonic Jial i) Jiesl Jices Iz
n=1 123.205 0.139 1.002 0.101 114.294
n=>5 10.713 1.488 0.087 1.104 7.037
n=7 2.678 0.435 0.022 0.224 2.397
RMS 123.699 1.556 1.006 1.131 114.536

As shown in Figure 9, the sum of the five components specified by Equation (28)
reproduces the line-current waveforms of Figure 3.

The reconstructed waveforms coincide with the reference solution in Figure 3, which
validates the proposed decomposition for Theoretical Illustration 1. The RMS values of the
components of the Budeanu distortion current are listed in Table 7.

Table 7. Theoretical Illustration 1: three-phase RMS values of the components constituting the
Budeanu distortion current.

Harmonic [ Jices (i) liasl
n=1 0.139 0.101 114.294 114.294
n=>5 1.488 1.104 7.037 7.277
n=7 0.435 0.224 2.397 2.447
RMS 1.556 1.131 114.536 114.552

100

—Line T

50

Current [A]
o

-50

-100

| 1 | L |
0 0.01 0.02 0.03 0.04 0.05 0.06
time [s]

Figure 4. Theoretical Illustration 1: active-current waveforms.
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Figure 5. Theoretical Illustration 1: scattered-current waveforms in lines R, S, and T (time-domain
sum of the contributions of harmonics n = 1,5, and 7).
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Figure 6. Theoretical Illustration 1: negative-sequence unbalanced-current waveforms.
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Figure 7. Theoretical Illustration 1: Budeanu reactive-current waveforms.
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Figure 8. Theoretical Illustration 1: Budeanu-complemented reactive-current waveforms in lines R, S,
and T (time-domain sum of the contributions of harmonics n = 1, 5, and 7).
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Figure 9. Theoretical Illustration 1: line-current waveforms reconstructed from the five orthogonal
components.

The tabulated values confirm that the Budeanu distortion current is the orthogonal
sum of the scattered current, the Budeanu-complemented reactive current, and the negative-
sequence unbalanced current. All three components of the Budeanu distortion current
occur in this general RLC case. The negative-sequence unbalanced component is dominant.

5.2. Theoretical Illustration 2

The second example uses the same supply voltage and the same delta connection of
the LTI load as llustration 1, but each branch is either purely resistive or purely reactive, so
that the scattered current vanishes. The example verifies the five-component decomposition
and shows which components of Budeanu distortion power remain without conductance
scattering. The scheme of the circuit is shown in Figure 10.
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— Unbalanced Delta-Connected
Artificial Zero LTI Load

Figure 10. Scheme of the three-phase three-wire system considered in Theoretical Illustration 2
(inductive branches RS and ST, resistive branch TR), supplied by a symmetrical nonsinusoidal voltage
source (series connection of harmonic sources of orders n € N = {1, 5, 7} in each phase). The arrows
denote the reference directions of the line currents and of the voltages measured with respect to the
artificial zero.

The fundamental-frequency branch parameters of this load are given in Table 8.

Table 8. Theoretical Illustration 2: fundamental-frequency parameters of the load branches.

Parameter in () Line RS Line ST Line TR
Resistance - - 4
Inductive reactance 3.142 15.708 -

Capacitive reactance - - -

The resulting harmonic admittances of the three branches are listed in Table 9.

Table 9. Theoretical Illustration 2: complex branch admittances for harmonics n =1, 5, 7.

Harmonic Order Branch RS (S) Branch ST (S) Branch TR (S)
n=1 0.318¢ 7 0.064¢ 7" 0.25¢/
n=>5 0.064¢7°" 0.013e 77" 0.25¢/"
n="7 0.046¢ 7" 0.009¢ 7 0.25¢/

The branch and line currents, calculated in the same way as in Illustration 1, are given
in Table 10.

The resulting line-current waveforms obtained from Equations (18)—(20) are shown in
Figure 11.

The three-phase RMS value of the line currents plotted in Figure 11 is as follows:

llill = 272.294 A

Using Equations (15) and (16), the active power and Budeanu reactive power were
calculated for each considered harmonic. Table 11 lists these values together with their
totals for the complete three-phase system.
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Table 10. Theoretical Illustration 2: complex RMS values of the branch (line-to-line) and line currents

for harmonicsn=1,5, 7.

Harmonic Order Branch RS (A) Branch ST (A) Branch TR (A)
n=1 126.81e 775" 25.36¢/18" 99.59¢/120"
n=>5 2211120 0.44¢/" 8.66¢ /150
n=7 0.39¢ 760" 0.08¢/180° 2171150

Harmonic Order LineR (A) Line S (A) Line T (A)
n=1 218.80¢746:¥° 141.21¢/1289° 78.66¢/140-7
n=>5 6_84gf20-7° 2.46€j51'10 9.05€—j15144°
n=7 2.51¢7/345° 0.44¢/128.9° 2.100/1489°

400

—Line R
——Line S
300 -

200 -

100 |

Current [A]
o

-100

-200 |

-300

-400 : : :

0 0.01 0.02 0.03

time [s]

0.04 0.05 0.06

Figure 11. Theoretical Illustration 2: line currents calculated with Ohm’s law and Kirchhoff’s current

law (reference solution).

Table 11. Theoretical Illustration 2: three-phase active, Budeanu reactive, distortion, and

apparent powers.
Budeanu Budeanu
Harmonic Active Power Reactive Distortion Apparent
Order P (W) Power Qg Power Dy Power S (VA)
(var) (VA)
n=1 39,675 60,618.9
n=>5 300 91.7
n=7 18.7 4.1
SUM 39,993.7 60,714.7 81,088.8 108,909

Applying Equation (14) to Theoretical Illustration 2 yields the power factor A:

A =0.367

Equation (3) gives the equivalent conductance of the load in Figure 10:

G.=025S
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Table 12 lists the corresponding harmonic equivalent parameters of this load, again
referred to line quantities.

Table 12. Theoretical Illustration 2: equivalent conductances and susceptances of the load for har-
monicsn =1,5,7.

Harmonic Order Equivalent Conductance Equivalent Susceptance
(S) (S)
n=1 0.25¢/"" 0.3820e /%"
n=>5 0.25¢/"" 0.0764¢ 7"
n=7 0.25¢/" 0.0546¢ /%"

From Equation (22), the equivalent Budeanu susceptance of the load in Figure 10 is
as follows:

B, = 037955

The five current components obtained from the extended Budeanu formulation are
summarized in Table 13.

Table 13. Theoretical Illustration 2: three-phase RMS values of the five load-current components in
the extended Budeanu theory.

Harmonic . . . . .
Order [[Zal gl lli.gll llicenl llZal
n=1 99.593 - 151.193 0.974 202.299
n=>5 8.660 - 13.147 10.501 7.254
n=7 2.165 - 3.287 2.814 2.449
RMS 99.992 - 151.799 10.915 202.444

The active, scattered, and negative-sequence unbalanced currents are common to the
CPC theory and the extended Budeanu theory. The associated waveforms are shown in
Figures 12-16.

100

80

60

40

20

0

Current [A]

-20

-40

-60

-80

-100 ! I | I
0 0.01 0.02 0.03 0.04 0.05 0.06

time [s]

Figure 12. Theoretical Illustration 2: active-current waveforms.
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Figure 13. Theoretical Illustration 2: scattered-current waveforms in lines R, S, and T (time-domain
sum of the contributions of harmonics n = 1, 5, and 7). The scattered currents in lines R, S, and T are
identically zero; therefore, the three curves coincide.
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-100
-150
-200 | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06
time [s]

Figure 14. Theoretical Illustration 2: negative-sequence unbalanced-current waveforms.

As shown in Figure 17, the sum of the five components specified by Equation (28)
reproduces the line-current waveforms of Figure 11.

For Theoretical Illustration 2, the reconstructed waveforms are identical to the reference
solution in Figure 11, which confirms the decomposition in the absence of the scattered
current. The RMS values of the components of the Budeanu distortion current are listed in
Table 14.

The tabulated values confirm that the Budeanu distortion current is the orthogonal
sum of the scattered current, the Budeanu-complemented reactive current, and the negative-
sequence unbalanced current. The scattered component is absent. Therefore, Budeanu

distortion current consists only of the complemented reactive and negative-sequence unbal-
anced components.
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Table 14. Theoretical Illustration 2:
Budeanu distortion current.

three-phase RMS values of the components constituting the

Harmonic . . . ,
Ordor il Jices! i Jias|
n=1 - 0.974 202.299 202.301
n=>5 - 10.501 7.254 12.763
n="7 - 2.814 2.449 3.731
RMS - 10.915 202.444 202.738
150 o
—Line R

100

50

Current [A]
o

-100

-150

—Line S
—Line T&

0 0.01 0.02 0.03 0.04 0.05 0.06

time [s]

Figure 15. Theoretical Illustration 2: Budeanu reactive-current waveforms.
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Figure 16. Theoretical Illustration 2: Budeanu-complemented reactive-current waveforms in lines R,
S, and T (time-domain sum of the contributions of harmonics n = 1, 5, and 7).
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Figure 17. Theoretical Illustration 2: line-current waveforms reconstructed from the five orthogonal
components.

5.3. Theoretical Illustration 3

In the third example, the supply voltage and the delta connection remain unchanged,
whereas the LTI load contains only inductive and capacitive elements. The example verifies
the five-component decomposition for a purely reactive load and shows that Budeanu
distortion power can occur without active power and without scattered current. The scheme
of the circuit is shown in Figure 18.

Up,, ne N={1,5,7} In
Rn iRll R
~ A v

URn
S,\ iSn R
J “ L
Usn

Tn iTIl

~ A .
Uty
= Unbalanced Delta-Connected
Artificial Zero LTI Load

Figure 18. Scheme of the three-phase three-wire system considered in Theoretical Illustration 3
(inductive branches RS and ST, capacitive branch TR), supplied by a symmetrical nonsinusoidal
voltage source (series connection of harmonic sources of orders n € N = {1, 5, 7} in each phase). The
arrows denote the reference directions of the line currents and of the voltages measured with respect
to the artificial zero.

The fundamental-frequency reactances of the load branches are listed in Table 15.

Table 16 contains the harmonic admittances of the three reactive branches.

Table 17 contains the branch and line currents, determined with Ohm’s law and Kirch-
hoff’s current law as before.
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The resulting line-current waveforms obtained from Equations (18)—(20) are shown in
Figure 19.

Table 15. Theoretical Illustration 3: fundamental-frequency parameters of the load branches.

Parameter in Q) Line RS Line ST Line TR
Resistance - - -
Inductive reactance 3.142 15.708 -
Capacitive reactance - - 0.455

Table 16. Theoretical Illustration 3: complex branch admittances for harmonics n =1, 5, 7.

Harmonic Order Branch RS (S) Branch ST (S) Branch TR (S)
n=1 0.318¢7/ 0.064e /" 2.199¢/%
n=>5 0.064¢ 7" 0.013¢ 7" 10.996¢/°""
n=7 0.046¢ 7" 0.009¢ /%% 15.394¢/°"

Table 17. Theoretical Illustration 3: complex RMS values of the branch (line-to-line) and line currents
for harmonicsn =1,5, 7.

Harmonic Order Branch RS (A) Branch ST (A) Branch TR (A)
n=1 126.81¢776% 25.36¢/18 876.07¢/12°
n=>5 2217712 0.44¢/" 380.90e /0%
n=7 0.39¢760° 0.08¢/18° 133.31¢-7120°

Harmonic Order Branch R (A) Branch S (A) Branch T (A)
n=1 820.05¢/52% 141.21¢/1289° 863.66¢/1155°
n=>5 379.80e/1203° 2.46e°1-1° 380.68¢760-1°
n=7 133.12¢/%9° 0.44¢/128.9° 133.27p-/1199°

- | | | [ —Line RL

—Line S

Current [A]

0.01 0.02 0.03 0.04 0.05 0.06
time [s]

Figure 19. Theoretical Illustration 3: line currents calculated with Ohm'’s law and Kirchhoff’s current
law (reference solution).
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The line currents in Figure 19 have the three-phase RMS value:
lill = 1327.775 A

Using Equations (15) and (16), the active power and Budeanu reactive power were
calculated for each considered harmonic. Table 18 lists these values together with their
totals for the complete three-phase system.

Table 18. Theoretical Illustration 3: three-phase active, Budeanu reactive, distortion, and apparent
powers.

Harmonic Order

Active Power P (W)

Budeanu Reactive Budeanu Distortion Apparent Power S

Power Qg (var) Power Dy (VA) (VA)
=1 - —288,380.6
=5 - —13,103
= - —1150.4
SUM - —302,634 436,401.5 531,068.4

In Theoretical Illustration 3, the power factor A obtained from Equation (14) is:
A=0

Because the load has no resistive elements, Equation (3) yields a zero equivalent
conductance for the load in Figure 18:

G. =05

e

For this load, the harmonic equivalent parameters, referred to line quantities, are listed
in Table 19.

Table 19. Theoretical Illustration 3: equivalent conductances and susceptances of the load for har-
monicsn =1,5,7.

Harmonic Order Equivalent Conductance Equivalent Susceptance
(S) (S)
n=1 - 1.8171e/
n=>5 - 10.9192¢/%
n=7 - 15.3392¢/7

The extended Budeanu theory, Equation (22), yields the following equivalent Budeanu
susceptance of the load in Figure 18:

B, = 1.8918 S

The five current components obtained from the extended Budeanu formulation are
summarized in Table 20.

The active, scattered, and negative-sequence unbalanced currents are common to the
CPC theory and the extended Budeanu theory. The associated waveforms are shown in
Figures 20-24.
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Table 20. Theoretical Illustration 3: three-phase RMS values of the five load-current components in

the extended Budeanu theory.

Harmonic , . , , .
Order [l (A il llicesll gl
n=1 - - 753.623 29.725 956.193
n=>5 - - 65.532 312.719 382.224
n=7 - - 16.383 116.459 133.551
RMS - - 756.644 335.021 1038.381

6 T
—LineR
—Line S
—Line T
4k il
2

Current [A]
o

0 0.01

0.02

0.03
time [s]

0.04

0.05

0.06

Figure 20. Theoretical Illustration 3: active-current waveforms. The active currents in lines R, S, and T
are identically zero; therefore, the three curves coincide.
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Figure 21. Theoretical Illustration 3: scattered-current waveforms in lines R, S, and T (time-domain
sum of the contributions of harmonics n = 1, 5, and 7). The scattered currents in lines R, S, and T are
identically zero; therefore, the three curves coincide.
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Figure 22. Theoretical Illustration 3: negative-sequence unbalanced-current waveforms.
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Figure 23. Theoretical Illustration 3: Budeanu reactive-current waveforms.
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As shown in Figure 25, the sum of the five components specified by Equation (28)

reproduces the line-current waveforms of Figure 19.

In Theoretical Illustration 3, the reconstructed waveforms likewise coincide with the
reference solution in Figure 19, although the active and scattered currents are zero. The
RMS values of the components of the Budeanu distortion current are listed in Table 21.

Table 21. Theoretical Illustration 3: three-phase RMS values of the components constituting the

Budeanu distortion current.

Harmonic i) Jices il Jiasl
n=1 - 29.725 956.193 956.655
n=>5 - 312.719 382.224 493.851
n=7 - 116.459 133.551 177.196
RMS - 335.021 1038.381 1091.089
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Figure 24. Theoretical Illustration 3: Budeanu-complemented reactive-current waveforms in lines R,
S, and T (time-domain sum of the contributions of harmonics n =1, 5, and 7).
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Figure 25. Theoretical Illustration 3: line-current waveforms reconstructed from the five orthogonal
components.

The tabulated values confirm that the Budeanu distortion current is the orthogonal
sum of the scattered current, the Budeanu-complemented reactive current, and the negative-
sequence unbalanced current. The load is purely reactive. The active and scattered currents
vanish; nevertheless, the Budeanu distortion current is nonzero owing to the complemented
reactive and negative-sequence unbalanced components.

6. Discussion of the Theoretical Illustrations

The three theoretical illustrations confirm that the extended Budeanu theory developed
for three-phase three-wire systems provides a physically interpretable decomposition of the
load current and, consequently, of Budeanu distortion power. In all considered cases, the
line currents reconstructed from the orthogonal current components are identical to the line
currents calculated directly from Ohm’s law and Kirchhoff’s current law. This agreement
confirms that the proposed current decomposition does not modify the electrical state of
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the system but only separates the total current into components associated with distinct
properties of the load.

The main result of the theoretical analysis is that Budeanu distortion power in a three-
phase three-wire system is not an unspecified residual quantity. In the proposed formulation,
it is related to the Budeanu distortion current, which consists of the scattered current, the
Budeanu-complemented reactive current, and the negative-sequence unbalanced current.
Therefore, the power relation D3 = D2+ Q2 ; + D1 2 identifies the three physical mechanisms
responsible for the value of Budeanu distortion power in the considered class of systems.
The scattered power D, is caused by the variation in the equivalent conductance with
harmonic order. The Budeanu-complemented reactive power Qg is caused by the variation
in susceptance with harmonic order with respect to the equivalent Budeanu susceptance.
The negative-sequence unbalanced power D}, is caused by load unbalance in the three-phase
three-wire system.

The presented decomposition also explains why the original Budeanu theory cannot
identify the physical origin of distortion power. In the classical formulation, the value of Dy
is obtained only from the difference between the square of the apparent power and the sum
of the squares of the active and Budeanu reactive powers. Consequently, identical or similar
values of Dy may result from different combinations of scattered, complemented reactive,
and unbalanced components. The extended theory removes this ambiguity by relating each
current component and its associated power to the equivalent parameters of the load.

6.1. General Case—Theoretical Illustration 1

The first illustration represents the general case of an unbalanced three-phase three-
wire RLC load supplied by a symmetrical nonsinusoidal voltage containing the fundamental,
fifth, and seventh harmonics. In this system, all five current components of the extended
Budeanu theory are present. The RMS values of the active, scattered, Budeanu reactive,
Budeanu-complemented reactive, and negative-sequence unbalanced currents are equal to
123.699 A, 1.556 A, 1.006 A, 1.131 A, and 114.536 A, respectively.

The most important observation is that the negative-sequence unbalanced current is
much larger than the scattered current and the Budeanu-complemented reactive current.
Consequently, the Budeanu distortion current has an RMS value of 114.552 A and is almost
entirely determined by the negative-sequence unbalanced component. The small difference
between 114.552 A and 114.536 A follows from the simultaneous presence of the scattered
and complemented reactive components.

This case demonstrates that a large value of Budeanu distortion power does not neces-
sarily indicate strong waveform distortion caused by a nonlinear load. The load considered
here is an LTI load. The dominant contribution to Dy arises from the asymmetrical structure
of the load, which generates a substantial negative-sequence unbalanced current. Thus, the
extended theory distinguishes between the effect of harmonic-frequency variation in the
load parameters and the effect of load unbalance, even though both effects are included
jointly in the classical Budeanu distortion power.

For Theoretical Illustration 1, the active power is 49,475.5 W, the Budeanu reactive
power is —402.3 var, the Budeanu distortion power is 45,817.2 VA, and the apparent power
is 67,433 VA. The small negative value of Qg indicates that the equivalent Budeanu reactive
power has a capacitive character. However, the relatively small absolute value of Qg should
not be interpreted as an indication of favorable power conditions, because the negative-
sequence unbalanced current remains very large. This observation illustrates the limited
diagnostic value of Qg when used alone.
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6.2. Case Without Conductance Scattering—Theoretical Illustration 2

The second illustration was selected to eliminate the scattered current. Its RMS value
is zero for every considered harmonic and for the complete system. Therefore, the scattered
power is also equal to zero. This condition allows the effect of the Budeanu-complemented
reactive current and the negative-sequence unbalanced current to be analyzed without the
influence of conductance variation.

The RMS values of the Budeanu reactive current, the Budeanu-complemented re-
active current, and the negative-sequence unbalanced current are 151.799 A, 10.915 A,
and 202.444 A, respectively. The corresponding Budeanu distortion current is 202.738 A.
Since i; = 0, this result verifies that the distortion current is determined by the orthogonal
combination of i g, and .

The presence of iz = 10.915 A shows that the Budeanu reactive current does not fully
represent the current associated with the reactive properties of the load. The missing part
is the Budeanu-complemented reactive current, caused by the frequency dependence of
the load susceptance. This component is not revealed by the classical Budeanu description,
although it contributes to the RMS current and to Budeanu distortion power.

The results also demonstrate that an inductive Budeanu reactive power does not charac-
terize all non-active phenomena in the circuit. In Theoretical Illustration 2, Qp = 60,714.7 var,
while Dy = 81,088.8 VA. The distortion power exceeds the Budeanu reactive power, despite
the absence of conductance scattering. This is caused primarily by the negative-sequence
unbalanced component and, to a lesser extent, by the complemented reactive component.
Therefore, compensation designed solely on the basis of Qg would not eliminate the main
cause of the non-active current in this particular system.

6.3. Purely Reactive Load—Theoretical Illustration 3

The third illustration is particularly important because it concerns a purely reactive
and unbalanced load. Both the active power and the active current are zero. Moreover, the
scattered current is absent because no resistive elements are present in the load. Never-
theless, the Budeanu distortion power has a considerable value of 436,401.5 VA, while the
apparent power is 531,068.4 VA.

In this case, the Budeanu reactive, Budeanu-complemented reactive, and negative-
sequence unbalanced currents have RMS values of 756.644 A, 335.021 A, and 1038.381 A,
respectively. The Budeanu distortion current is 1091.089 A. This means that the load current
cannot be characterized only by the Budeanu reactive current, even though the load contains
exclusively reactive elements.

The value of iz = 335.021 A arises because the inductive and capacitive susceptances
vary with harmonic order and differ from the equivalent Budeanu susceptance. This finding
is particularly relevant to the interpretation of Budeanu reactive power. In a circuit supplied
by a nonsinusoidal voltage, the algebraic sum of the harmonic reactive powers does not
identify all current components associated with reactance. The Budeanu-complemented
reactive current identifies the part of the reactive current that is omitted by the original
Budeanu formulation but is present in the physical current of the load.

At the same time, the dominant component of the distortion current remains the
negative-sequence unbalanced current. The result confirms that a purely reactive three-
phase three-wire load can produce a substantial Dy not because of nonlinear distortion, but
because of the combined effects of frequency-dependent susceptance and load unbalance.
This illustration therefore gives a direct physical explanation for a situation that cannot be
interpreted from the original relation D3 = S — P? — Q2 alone.
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6.4. Comparison of the Three Illustrations

The three illustrations were deliberately selected to demonstrate different combina-
tions of the components constituting the Budeanu distortion current. Their comparison is
summarized in Table 22.

Table 22. Comparison of the RMS values of the current components constituting the Budeanu
distortion current.

Illustration No. i, (A) ig(A) iy (A) igg(A) Interpretation
1 1.556 1.131 114.536 114,552 General RLC case; all three
components occur
No conductance scattering;
2 0 10.915 202.444 202.738 complemented reactive and
unbalanced components occur
3 0 335.021 1038.381 1091.089 Purely reactive unbalanced load; no

active or scattered component

The first illustration provides the most general verification of the proposed power
decomposition, because all three components of Budeanu distortion current are present.
The second illustration demonstrates that the scattered component is not necessary for
distortion power to occur. The third illustration demonstrates that neither active power nor
a resistive part of the load is necessary for a significant value of Budeanu distortion power.

The comparison also shows that the negative-sequence unbalanced component domi-
nates in all three test cases. This result is related to the intentionally unbalanced structure
of the analyzed loads. However, the general form of the proposed model does not imply
that i, must be dominant. For a symmetrical load with frequency-dependent conductance
or susceptance, the Budeanu distortion current can be formed only by i, only by i, or by
their orthogonal combination. Thus, the proposed decomposition applies to a broader set
of systems than the three examples considered here.

Additional numerical examples with other load types would not change the approach
or the calculation procedure, because the decomposition is derived analytically for arbitrary
LTI branch admittances. The occurrence of each component follows directly from the
equivalent load parameters: the active current vanishes if G, = 0 (purely reactive load,
Theoretical Illustration 3); the scattered current vanishes if G,, = G, foralln € N (e.g., when
each branch is either purely resistive or purely reactive, Theoretical Illustrations 2 and 3);
the Budeanu-complemented reactive current vanishes if B, = B for all n € N, which is
always the case for a sinusoidal supply; and the negative-sequence unbalanced current
vanishes if A, = 0 for alln € N, e.g., for a balanced load.

6.5. Symmetrical Purely Reactive Load Under Symmetrical Nonsinusoidal Supply

The considered limiting case clarifies the physical meaning of Budeanu distortion
power in a three-phase three-wire system. Let the supply voltages be symmetrical but
nonsinusoidal, and let the load be balanced and consist of three identical purely reactive
elements. Under these conditions, the phase admittances are identical; therefore, the
unbalanced current component is absent. Moreover, because the load has no conductive
part, the scattered current associated with variations in conductance among the voltage
harmonics is also equal to zero. Consequently, neither load unbalance nor harmonic-
dependent conductance contributes to the Budeanu distortion-power balance.
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The remaining non-active current component is the Budeanu-complemented reactive
current. Hence, for this operating condition, the Budeanu distortion current reduces to a
single physical component,

idB = ich/

and the corresponding power relation becomes

DB = chB'

This result follows directly from the fact that the susceptance of an ideal reactive element
is frequency dependent. For an inductor, the susceptance decreases with harmonic order,
whereas for a capacitor it increases with harmonic order. Thus, when the voltage contains
more than one harmonic, the susceptance B, associated with the n-th harmonic generally
differs from the equivalent susceptance B,. The resulting mismatch, B,, — B,, produces the
complemented reactive current and, consequently, a nonzero value of Budeanu distortion
power even though the supply and load remain perfectly symmetrical.

This observation is important because it separates waveform-distortion effects from
phase asymmetry. In the present case, a nonzero Dy must not be interpreted as evidence of
load unbalance: the system is balanced by construction. Instead, Dy is entirely associated
with the harmonic dependence of the reactive load. Therefore, the result provides a trans-
parent benchmark for assessing the decomposition of non-active currents and powers. Any
formulation applied to this case should predict zero scattered and unbalanced components,
while retaining only the complemented reactive component.

For a sinusoidal supply, this component vanishes because only the fundamental har-
monic is present and B,, = B,. Accordingly, iz = 0 and Dy = 0. The contrast between
sinusoidal and nonsinusoidal operation demonstrates that the occurrence of Budeanu dis-
tortion power in the examined balanced reactive system is caused by the interaction between
voltage harmonics and frequency-dependent susceptance, rather than by an asymmetrical
circuit configuration.

6.6. Implications of the Proposed Model

The results of the three theoretical illustrations have implications for both the interpre-
tation of power phenomena and the formulation of future compensation methods. First,
the proposed extension directly links Budeanu distortion power with the equivalent load
parameters. Unlike the classical Budeanu formulation, in which Dy is obtained solely as
a residual quantity from apparent, active, and Budeanu reactive powers, the extended
model identifies the physical mechanisms contributing to this quantity. Specifically, the
decomposition distinguishes the effects of conductance variation with harmonic order,
susceptance variation with harmonic order, and negative-sequence load unbalance.

This distinction is relevant to compensation analysis because the identified current
components are associated with different load properties and cannot generally be mitigated
by the same compensating device. The Budeanu-complemented reactive current results
from deviations of the harmonic susceptances from the equivalent Budeanu susceptance;
therefore, it provides a theoretical basis for considering reactive compensation strategies. In
contrast, the scattered current is associated with harmonic-order-dependent conductance
and cannot, in general, be eliminated by a lossless reactive compensator. The negative-
sequence unbalanced current originates from the asymmetrical structure of the load and
requires a balancing compensation approach.

Thus, the proposed decomposition may support the selection of a compensation objec-
tive by indicating whether the dominant increase in the RMS current and apparent power
is associated primarily with reactive properties, conductance scattering, or load unbalance.
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However, the present theoretical-numerical study does not derive, optimize, or experimen-
tally validate a compensator. The formulation should therefore be regarded as a physical
and mathematical basis for future studies on the synthesis, optimization, and evaluation of
ideal and minimizing compensation methods for three-phase three-wire systems supplied
by symmetrical nonsinusoidal voltages.

6.7. Comparison with the Single-Phase and Three-Phase Four-Wire Formulations

The main differences between the present formulation and the previous extensions of
Budeanu’s theory for single-phase systems [20] and three-phase four-wire systems [21]
result from the absence of the neutral conductor. In three-phase four-wire systems, zero-
sequence currents and 3rd harmonics can flow, and the unbalanced current is decom-
posed into positive-, negative-, and zero-sequence components; consequently, the extended
Budeanu theory contains seven mutually orthogonal current components. In three-phase
three-wire systems, the line currents sum to zero, 3rd harmonics of a symmetrical supply
voltage do not produce line currents, and the unbalanced current consists of only one com-
ponent, namely the negative-sequence unbalanced current, described by the unbalanced
admittance A,, and the rotation coefficient 8. Therefore, the decomposition reduces to five
components, and Budeanu distortion power consists of at most three components instead
of five. The comparison is summarized in Table 23.

Table 23. Comparison of the extended Budeanu formulations for single-phase, three-phase four-wire,
and three-phase three-wire systems.

Feature 1-p Systems [20] 3-p 4-w Systems [21] 3-p 3-w Systems (This Work)
Neutral conductor - yes no (ig +is + iy = 0)
Harmonics n = 3k in line
yes yes (zero sequence) no

currents

Unbalanced current

- . one component
positive-, negative-, and .
- (negative-sequence
zero-sequence components
unbalanced current)

Number of orthogonal current
components

4 7 5

Components of Budeanu
distortion power

Dsl chB Dsl chB/ DSI DEI DlZJ Ds/ chB’ DIL}

6.8. Scope and Limitations of the Study

The present study is theoretical-numerical. The proposed decomposition does not
change the values of voltages and currents; it changes their physical interpretation. The
classical and extended Budeanu theories are evaluated from the same complex RMS values
of the voltage and current harmonics and yield identical values of P, Qg, Dy, and S; they
differ only in that the extended theory identifies the physical components of Dy. The
correctness of the decomposition is verified analytically by the orthogonality proof in
Appendix A and numerically by the agreement between the reconstructed line currents
and those obtained from Ohm'’s law and Kirchhoff’s current law in each illustration.

The supply source is assumed to be ideal, with zero internal impedance. Under
this assumption, the capacitor in the TR branch of Theoretical Illustration 1 changes only
the branch and line currents, and its effect is represented by the harmonic-dependent
susceptance B¢,, = nw;C. In a real network with a nonzero supply impedance, a capacitor
would also modify the voltage harmonics and could lead to resonance; this case, as well as
asymmetrical supply voltages, four-wire systems, and time-varying or harmonic-generating
loads, is outside the scope of the present model. An experimental verification on a real
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three-phase three-wire installation, including the influence of measurement uncertainty and
supply impedance, will be undertaken in a separate study, after the theoretical description
has been completed with respect to its mathematical consistency, ideal compensation, and
the minimization of balancing compensation, including the tuning of the compensator
branches to minimize the line currents.

7. Conclusions

This work developed an extension of Budeanu’s power theory for three-phase three-
wire systems supplied by symmetrical nonsinusoidal voltages and feeding unbalanced
linear time-invariant loads. The formulation is built on the elements shared by the classical
Budeanu theory and the CPC theory. It allows the current of the considered 3-p 3-w load to
be represented by five mutually orthogonal components, i.e., the active, scattered, Budeanu
reactive, Budeanu-complemented reactive, and negative-sequence unbalanced currents.

The proposed decomposition retains the active, scattered, and negative-sequence
unbalanced current components of the CPC theory, while the CPC reactive current is split
into two parts, the Budeanu reactive and the Budeanu-complemented reactive currents.
The second of them represents the part of the reactive current resulting from the variation
in load susceptance with harmonic order relative to the equivalent Budeanu susceptance.
Consequently, the CPC reactive current and the Budeanu reactive current are identical only
when the load susceptance is invariant with harmonic order for all harmonics present in the
supply voltage. A purely sinusoidal supply constitutes a trivial special case of this condition.

The principal result of the developed theory is the physical interpretation of Budeanu
distortion power in three-phase three-wire systems. Instead of treating this quantity exclu-
sively as a residual term obtained from the apparent, active, and Budeanu reactive powers,
the proposed model shows that it consists of three mutually orthogonal powers, i.e., the
scattered, Budeanu-complemented reactive, and negative-sequence unbalanced powers
(Equation (31)).

This relation shows that a nonzero value of Dy can arise from three different physical
mechanisms: conductance variation with harmonic order, susceptance variation with har-
monic order, and load unbalance. The original Budeanu formulation does not distinguish
between these mechanisms.

The three theoretical illustrations confirmed the consistency of the proposed model.
In each illustration, the current reconstructed from the five orthogonal components was
identical to the line current obtained directly from Ohm’s law and Kirchhoff’s current law.
The first illustration represented the general RLC case and demonstrated the simultaneous
occurrence of all three components of the Budeanu distortion current. The second illustra-
tion showed that Budeanu distortion power may remain nonzero even when the scattered
current is absent. The third illustration demonstrated that a purely reactive and unbalanced
load may have a substantial Budeanu distortion power despite zero active power and zero
scattered current. These results confirm that the distortion power defined by Budeanu does
not itself identify a separate phenomenon of waveform distortion.

The extended model provides a theoretical basis for a more detailed assessment of
non-active current phenomena in 3-p 3-w systems. In particular, it distinguishes the com-
ponents associated with the reactive properties of the load from those associated with
conductance variation and unbalance. This distinction is important for future studies on
compensation, because the Budeanu-complemented reactive current may be influenced by
appropriately designed reactive compensators, whereas the negative-sequence unbalanced
current requires balancing compensation and the scattered current is not affected by a shunt
reactive compensator [10]. Thus, the developed formulation creates a consistent starting
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point for the synthesis and evaluation of ideal and minimizing compensation methods for
three-phase three-wire systems.

The present study is theoretical-numerical. An experimental verification on a real
three-phase three-wire installation, including the influence of measurement uncertainty
and of the internal impedance of the supply, will be undertaken in a separate study, once
the theory has been completed with respect to ideal compensation and the minimization of
balancing compensation, including the tuning of the compensator branches to minimize
the line currents.
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Nomenclature

Symbol Meaning

N harmonic order; set of harmonic orders present in the supply voltage
! (N ={1, 5,7} in the illustrations)

K natural number used to classify harmonic orders (n =3k £ 1,

n==6kt1)

w, fundamental angular frequency

wi vectors of the terminal voltages (with respect to the artificial zero)
! and of the line currents

U1 vectors of the complex RMS values of the n-th harmonic of the
e voltages and line currents

e n-th harmonic of the voltage of terminal R with respect to the
Rnz "Rz artificial zero and of the line current R (Figures 1, 10 and 18)

[lall, 112l three-phase RMS values of the voltage and current

: line conductors (roman letters); branches of the delta-connected

R,S, T; RS, ST, TR load

XYY phase index from the set {R, S, T}; branch index from the
! set {RS, ST, TR}

Yrsus Ysrnr Yrra complex admittances of the load branches for the n-th harmonic

G C B equivalent conductance of the load; equivalent conductance and
e susceptance for the n-th harmonic

Bes equivalent Budeanu susceptance

AUt unbalanced admittance for the n-th harmonic; voltage vector
nn associated with load unbalance, Equation (12)

B,s generalized rotation coefficient; sequence indicator (s = 1 for
! n=3k+1,s=-1forn=3k—-1)
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Symbol Meaning
i,, 1,1, active, scattered, and CPC reactive currents
g, i Budeanu reactive and Budeanu-complemented reactive currents
n negative-sequence unbalanced current (superscript n: negative
" sequence, not the harmonic order)
i Budeanu distortion current
p active power [W]
CPC reactive power; Budeanu reactive power; Budeanu-
Q Qs Qs complemented reactive power [var]
Do D. D" Budeanu distortion power; scattered power; negative-
Br ~s7 Hu
sequence unbalanced power [VA]
S apparent power [ VA] (italic, as opposed to the line conductor S)
A power factor

Currents’ Physical Components; linear time-invariant; three-phase

CPC; LTL; 3-p 3-w; 3-p 4-w three-wire; three-phase four-wire

Appendix A

Two three-phase quantities x and y are orthogonal if their scalar product, defined as
n [2,21], vanishes:

1T
(x,y) = —f x() xytdt =0 (A1)

T 0
When both quantities are expressed through the complex RMS values of their harmonics,
X = \/ERe{Xej“’t}, y= \/ERe{ ngWt} (AZ)

the scalar product becomes the following:

| N

T
(xy) = 7 | Re{X"ef"} Re{ Yel'} dt = Re{X"Y"} (A3)
0

The mutual orthogonality of the CPCs has been proved in [2,15]. Therefore, only
the Budeanu reactive and Budeanu-complemented reactive currents have to be checked
against the other components; the proof follows the procedure applied to single-phase and
four-wire systems in [20,21].

1. Budeanu reactive current vs. active current:

(er/ a) =Re Z Ian ;n =Re Z (]BeBun) (G un)

‘ nenN neN (A4)
= Refj & BaColif =0
neN

2. Budeanu reactive current vs. scattered current:

( 1B, 1 s) =Re Z rBn :n =Re Z (jBeBUrz)T[(Gn - Ge)l'InTF
neN neN
, 2 (A5)
= e %, Bur(Gy - Goll*} =0
neN

3. Budeanu-complemented reactive current vs. active current:

(ich/ia) Re Z crBn :m =Re Z [](Bn - BeB)Un]T(GeUn)*

neN

~rej £ (B~ B Gull =

neN,

(A6)
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4. Budeanu-complemented reactive current vs. scattered current:

(ichris) =Re ZNI;FanI:n =Re Z [](Bn - BeB)Un]T[(Gn - Ge)un]*

ne neN
(A7)
= Re{] Z (Bn - BeB)(Gn - Ge)”unnz} =0

neN

5. Budeanu-complemented reactive current vs. Budeanu reactive current:

. . * . T,. *
(lch, er) =Re Z I;ranIan =Re Z [](Bn - BeB)Un] (]BeBun)
neN neN

2 D 2 .
=Re ., ?Bi(B,, — Bep)llu,l” = BeB< Y, Bulu,l* = Bes ¥ Ilun||2> (A8)
neN neN neN
=Bx(Q-Q) =0

6. Budeanu reactive current vs. negative-sequence unbalanced current:

(i, 1) = Re Y Iy, I%, = Re Y (jBesll,) " [(Ya, 1) Ug,]”
neN neN
= Relj T BVt UL, | (A9)
ne

= Relj ¥ Bup(¥5,)"U,Ug, x [1 +a+a*]} ~0
neN

7. Budeanu-complemented reactive current vs. negative-sequence unbalanced current:

(ich/ lﬂ) =Re Z IEanIﬂn* =Re ZN (](Bn - BeB)un)T[(Y?mln)uRnT
ne

neN
. *37Ty 1%
=Reij Y. (B, — Bep) (Y3, 1") U, Rn} (A10)
neN
= Re{j T (B, — Buy) (Y) U, U, x [1+a+m} ~0
neN
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