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Abstract: Budeanu’s power theory, in its fundamental version, describes single-phase sinusoidal and

nonsinusoidal systems. Over time, this elementary description has been extended to three-phase

three-wire and four-wire systems, regardless of power conditions. Initially, three-phase systems

were considered as three independent single-phase systems. A distinct approach was introduced

by Czarnecki in his power theory (Currents’ Physical Components—CPC). The energy description

and reference of the equivalent parameters of the load are comprehensive in the context of three-

phase systems; Czarnecki treats such systems as a whole. This paper introduces a mathematical

model to expand the basic Budeanu theory for three-phase four-wire (3-p 4-w) systems powered

by symmetrical and nonsinusoidal voltage sources. The proposed approach is based on mutual

elements between the fundamental Budeanu theory and the CPC theory, treating the 3-p 4-w system

as a whole. In the extended Budeanu theory model, equations for the Budeanu reactive current

and the Budeanu complemented reactive current are derived. The article also demonstrates their

Ef;)ecf:tfgsr orthogonality concerning the remaining components, indicating that each of the seven components
can exist independently of the others. Furthermore, in the extended Budeanu theory, it is possible to
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ory misinterprets the physical phenomena occurring in systems, as demonstrated by
L. S. Czarnecki in a 1987 publication [8]. The conceptual error primarily concerns the inter-
pretation of reactive power in systems powered by a nonsinusoidal but periodic voltage
source. Budeanu defined reactive power in such systems as the sum of the amplitudes
of the alternating components of the instantaneous power of the harmonic current and
distributed under the terms and  VOltage. Additionally, distortion power (Dp) was introduced as the sum of active power
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symmetry in systems supplied with sinusoidal or nonsinusoidal voltage, whether the
voltage source is symmetrical or asymmetrical, was not feasible until the publication of
papers [11,12]. In the paper [11], a description of the current components of a single-phase
load supplied with a nonsinusoidal voltage was presented with the equivalent parameters
of the load. The publication [12] introduced the possibility of reactance compensation based
on the extended Budeanu theory.

The foundational concept that paved the way for the development of the Budeanu
theory is the CPC theory proposed by Czarnecki. Czarnecki’s approach is rooted in the
frequency domain. Initially, the author of CPC considered both single-phase systems with
sinusoidal and nonsinusoidal voltages [2,13-15]. Subsequently, the theory progressed to
encompass three-phase three-wire (3-p 3-w) systems [14-19] and three-phase four-wire
(3-p 4-w) systems [20-30]. The evolution of the theory involved describing each of these
three-phase systems for both symmetrical supply [2,13-15,21,22,28-30] and asymmetrical
supply [18-20,23-27]. Moreover, all these systems have detailed descriptions covering ideal
reactance compensation [15,16,18,19,22,25,26], as well as the minimization of reactance
compensation [20,24,31-33]. It is noteworthy that not only Czarnecki and the authors of
this publication utilize the CPC theory; researchers worldwide are adapting it for various
purposes. These include applications such as active filters, control algorithms for switching
power electronic keys, or the determination of physical components of voltage in three-
phase systems [34-39].

While the inaccuracy of the Budeanu theory was demonstrated in the publication [8],
unfortunately, it continues to be utilized in universities and implemented in practical
applications, such as in electricity meters or power quality parameter analyzers.

The development of the Budeanu theory, as presented by the authors, opens up
opportunities for applications in various aspects of everyday life for both individual and
industrial consumers. Despite the widespread adoption of LED lighting globally [40-43],
it remains common practice to use the Budeanu theory when matching passive systems
to compensate for reactive power, without considering the Budeanu distortion power. As
highlighted in publications [11,12] and discussed in this article, a portion of the reactive
power and the entire imbalance can be identified within the Budeanu distortion power.
Renewable Energy Sources (RES) represent another domain where an accurate description
of energy properties is crucial. Due to the possibility of single-phase and three-phase
unbalanced systems, renewable sources contribute to increased load asymmetry [44—48]
and the total harmonic distortion coefficient of voltage (THDU). Consequently, there is
a growing need for a more precise depiction of the energy properties of such systems.
The third rapidly developing area is wireless power transmission (WPT) [49-54]. These
systems utilize inductors for energy transfer and are primarily based on the power supply
system available at a given location. This makes such systems sensitive to various types of
asymmetry and distortion in both the supply voltage and the load itself. As is evident, a
correct and consistent power theory can play a crucial role in diagnosing problems within
a system accurately and cost-effectively enhancing its operational characteristics.

The article is divided into nine sections. Section 1 provides a literature review related
to the Budeanu theory and the CPC theory, along with their practical applications in con-
structing passive and active compensators. Additionally, this section includes information
about the potential application of the extended Budeanu theory in various practical scenar-
ios, such as constructing compensators, lighting systems, wireless energy transmission, or
implementing algorithms in electricity meters. Section 2 presents a mathematical model
describing the CPC theory in three-phase four-wire systems, where the voltage source is
symmetrical, and the waveforms generated by the source are distorted. Section 3 comprises
a presentation of traditional equations used to calculate line currents in three-phase systems
(Ohm’s law and Kirchhoff’s law) and a description of the fundamental Budeanu theory.
Section 4 focuses on presenting the mathematical model in the extended Budeanu theory
for three-phase four-wire systems with nonsinusoidal and symmetrical power sources. This
section also introduces the mutual elements in the CPC theory and the extended Budeanu
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theory. Section 5 discusses the second step in extending the Budeanu theory, which involves
relating equivalent load parameters and the resulting currents’ components. Section 6
demonstrates the orthogonality between individual components in the extended Budeanu
theory. Section 7 provides a theoretical illustration, based on the mathematical model from
Section 4, showcasing the steps involved in calculating the individual parameters of the
load. Section 8 summarizes and discusses the previous sections, with a primary focus
on Budeanu distortion power. Finally, Section 9 serves as a conclusion, summarizing the
scientific results obtained and presenting potential future directions for the development or
extension of the Budeanu theory.

2. Currents’ Physical Components (CPC) Theory for 3-Phase 4-Wire Nonsinusoidal
Symmetrical Systems

A voltage source in a power system can be a harmonics-generating source (see Figure 1).
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Figure 1. Unbalanced linear load supplied with nonsinusoidal symmetrical voltage.

The vector of nonsinusoidal voltages supplying the LTI (Linear Time-invariant) load
can be written as follows [21,22]:

ug(t) Uri] |
u(t) = uS(t) = \/ERQ Z USn g]nwlt — \/ERE Z Une]nwlt (1)
uT(t) neN | Uy, neN

where U,—vector of complex RMS (CRMS) value of the voltage harmonic, and
n—harmonic order.
The vector of line currents can be written identically:

iR(t) Iy, ) ‘
i(t) = is(t) = \/ERe Z Is, elnwit \[ZRe 2 Ine]nw1t )
it(t) neN | Iy, neN

where I,,—vector of complex RMS (CRMS) value of the current harmonic.
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From the active power P, the equivalent conductance of the full system can be defined,

namely:
Y Py
_ neN _ p
O @@ P ©
Z (uRn + uSn + uTn)

neN
The equivalent conductance determines the active current i,, the waveform of which

is described by the equation:

ia = Get = V2Re ) Gell /™! (4)
neN

The three-phase RMS value of the active current ||i,]| is

p
io| = Gellu|| = — (5)
Jiall = Gellell = 1,

Based on Equation (3) and the equivalent conductances for the individual harmonics,
the scattered current i; is determined, the waveform of which takes the following form:

is=V2Re Y (Gy — Ge)Uye/™! (6)
neN

The three-phase RMS value of the scattered current ||is|| is

lisll = | & [(Gu = Ge)?lual ] @)

neN

By using the equivalent susceptances of the individual harmonics, the reactive current
waveform i, can be defined:

ir = V2Re Y jB,U,e/"! (8)
neN

The three-phase RMS value of the reactive current ||i;|| is

il = | 3 [(Bu)?lall?] ©)

neN
The overall unbalanced current i, can be expressed as
i—(latis+ip) =i—1ip, =iy (10)
The unbalanced current waveform i, is

iy = ﬁRe Y Iunejnwlt = \ﬁRe Y (In - (Ian + Iy +Irn))ejnw1t

neN neN ) (11)
=V2Re ¥ (I — (Ge + (Gy — Ge) + jBn) Uy )el™ 1t
neN

Therefore, after the transformation, the load current i is expressed by the following
equation:
i:ia+is+ir+iu (12)

The three-phase RMS value of the load current ||| is

.12 .12 .12 .2 .2
12017 = Ngall™ + [lis )™ + [l + [l (13)
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The entire unbalanced current i, can be decomposed into three symmetrical compo-
nents as follows:

iy =i + i+ i (14)

The decomposition of the unbalanced current into symmetrical components is based

on the use of the equivalent admittance of the entire three-phase system:

. 1
Yen = Gen +]Ben =5

3 (YRn + YSn + YTn) (15)

Unbalanced admittance of the positive sequence:

L ke + 0B Ysy + 67 B*Y1) —Yen(1 + B + ")) (16)

Yp:
un 3

Unbalanced admittance of the negative sequence:

Vi, = %KYRn + " BYsy + aB Y1) —Yen(1 + "B+ ap”)] (17)

Unbalanced admittance of the zero sequence:

1 X *
Yin = g[(YRn + BYsu + B Y1n) — Yen(1+ B+ B7)] (18)
where the generalized coefficient f is

1 forn =23k
B=(a")"=<{a* forn=3k+1 (19)
a forn=3k—-1

After the transformations, the current waveform of the unbalanced current of the

positive sequence L, is

i = V2Re ) I, e/"1' = V2Re Y Y0, U, "1 = V2Re Y YA, 1PUR,e/™ 1! (20)
neN neN neN

The three-phase RMS value of the unbalanced current of the positive sequence ||| is

&) = v3Y YR.Ug, 1)
neN

The waveform of the unbalanced current of the negative sequence i, is

= V2Re ) I}, "1 = V2Re ) Vi, U, = V2Re ) V5, 1"Ug,e™1 (22)

neN neN neN

The three-phase RMS value of the unbalanced current of the negative sequence ||7y || is

& = v3 Y Y3, Ugy (23)
neN

The waveform of the unbalanced current of the zero sequence %, is

=V2Re ) I£,¢"1 = V2Re ) Y7, U,V = V2Re } Vi, 17°Ug,e™1'  (24)

neN neN neN

The three-phase RMS value of the unbalanced current of the zero sequence || || is

i) = v3Y, Y&,Ugy (25)
neN
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Finally, the load current can include six orthogonal components:
.12 .12 . 112 ) P2 (2 7112
411 = 1gall™ + 41+ Néell™ + 12207 + 251" + 1] (26)
The power equation takes the following form:
§2 = P24+ Q?+ D2+ DE? 4+ D24 D2 (27)

where the apparent power S, calculated from the Buchholz apparent power formula [2,53], is

S = [[ulil (28)
The active power P is
P = [[ul[zal] (29)
The reactive power Q is
Q = [[aul[[ix] (30)
The scattered power Dy is
Ds = [[ae]l lls | 31)

The unbalanced power of the positive sequence DY, is

D = [lulllla| (32)
The unbalanced power of the negative sequence D7, is

Du = [lulll] (33)
The unbalanced power of the zero sequence DZ is

Df = [lull[lE] (34)
The power factor A is

A=t P (35)

S
\/P2+Q2+D§+D§2+D{}2+Dﬁz

3. Ohm’s and Kirchhoff’s Laws and Budeanu Theory
The line currents can be calculated based on Ohm’s law:

Iz, = Ury YRy
Is, = Us,Ys, (36)
ITn = UTnYTn

Based on Kirchhoff’s first law, the current in the neutral line is
Ing = Iry + Isy + Iy (37)

The RMS values of the individual line currents are

k=% [Iral®
neN

Is= /X Is,, | (38)
neN

Ir= /% |
neN
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The three-phase RMS value of the load current is

il = /I3 + 13+ 12 (39)

The approach to describing the energy properties of circuits comes from the descrip-
tion of power (initially for single-phase systems). The theory is also used to describe
three-phase systems.

The active power P in an individual phase of a three-phase system can be written
as follows:

P =Y UxuIxncospxn (40)
neN
where X denotes the successive phase from the set {R, S, T}.

Identically, in Budeanu’s approach, the reactive power in an individual phase Qp can

be defined as
Qp = Y Uxnlxnsingxy (41)
neN

“The response” to the difference between the apparent power S and the active power
P and reactive power Qg is the distortion power Dg, which is expressed by the equation:

Dg = /S2— P2+ Q3 (42)

The description of the energy properties and power components in the original
Budeanu theory stops with the relationships noted above.

4. Development of the Budeanu Theory for 3-Phase 4-Wire Nonsinusoidal
Symmetrical Systems—Step I

Noting that the active power P in the CPC theory and the Budeanu theory are identical,
the equivalent conductance of the overall system can be calculated (3), and thus:

L P b
Ge = L = —— =Ges (43)
v o(ug, +ug +uz) |l

neN

From this, it is possible to determine the active current in the Budeanu theory, which will
have an identical waveform and an identical three-phase RMS value as in the CPC theory:

fa = i [|fal| = [|7as] (44)

From the Budeanu reactive power relation (41), the equivalent susceptance Bgp of the
whole system can be found, namely:

— Y Qn
neN
v (g, +ug +uz)
neN

(45)

Based on this, the Budeanu reactive current i,g can be defined, the waveform of which
takes the form: ’
irg = V2Re ) jBepll,e/™ 1! (46)
neN

The three-phase RMS value of the Budeanu reactive current ||i;g|| is

. Q
sl = |Bes ] = |j|’|' @)
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It should be noted that the reactive current in CPC theory and the Budeanu reac-
tive current are currents that are different* with respect to three-phase RMS value and
waveform, namely:

i 7é irB ||11‘|| 7& ||irBH (48)

* is the situation in which both currents are identical. The reactive currents in the two
approaches are identical if and only if the susceptance does not change with the harmonic or-
der for both the capacitive and inductive nature of the load - condition in the equation (80).

To the first step of the extension of the Budeanu theory, the waveform of the distortion
current must be added. However, it is not determined from the equivalent parameters of
the load but only by the difference in the individual currents:

igg =1 — (iaB + irB) (49)

The three-phase RMS value of the Budeanu distortion current ||igg]| is
Dg
liapll = (50)
o]

5. Development of the Budeanu Theory for 3-Phase 4-Wire Nonsinusoidal
Symmetrical Systems—Step II

Assumptions in developing the Budeanu theory for three-phase four-wire systems
supplied with nonsinusoidal symmetrical voltage:

Point 1: The active currents in the two theories are equal to each other and are
represented by identical equivalent load parameters—the equivalent conductance of the
load.

Point 2: The scattered current from the CPC theory is kept and defined as in
Equations (6) and (7).

Point 3: The unbalanced current of the positive sequence in the CPC theory remains
and is defined as in Equations (20) and (21).

Point 4: The unbalanced current of the negative sequence in the CPC theory remains
and is defined as in Equations (23) and (23).

Point 5: The unbalanced current of the zero sequence in the CPC theory remains and
is defined as in Equations (24) and (25).

Point 6: Look more closely at the Budeanu reactive current—relations (45) and (46).

The value of the Budeanu reactive current (waveform and three-phase RMS value) is
less than the value of the reactive current in the CPC theory. In order to find the missing
value of the current in the Budeanu theory and to relate it to the equivalent parameter
of the load (to give a physical interpretation), it is necessary to look at the equation for
the scattered current in the CPC theory, which is the difference between the conductances
of the individual harmonics and the equivalent conductance of the whole system, since
Gpy — Ge—describes the scattered current, so

By, — Bep—describes the missing value of the Budeanu reactive current (51)

From the susceptance of the individual harmonics and the equivalent susceptance of
the entire system, we can determine the waveform of the Budeanu complemented reactive
current i.,3, which is ‘

B = \TZRQ Z [j(Bn - BeB)]une]nwlt (52)
neN

The three-phase RMS value of the Budeanu complemented reactive current |/icg|| is

licnll = | ¥ [ (B — Beg)lluall?] (53)

neN
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In summary, the load current described by the extended Budeanu theory (a combi-
nation of the Budeanu theory and the Currents’ Physical Components theory), can have
seven components:

i =iy +is+ipp + ieep + 1 + 10 + 14 (54)

These components are orthogonal; therefore:
Il = lgall? =+ Vsl + s + lces | + 1250° + 51> + 11221 (55)
The power equation takes the following form:
§* = P2+ DI + Q3 + Q& + DY + Di? + D2 (56)
where the apparent power S, calculated from the Buchholz apparent power relation, is
§ = [ullil (57)

The active power P is
P= [[ul[za]] (58)

The Budeanu reactive power Qg is

Qp = [[o/l llics]l (59)

The Budeanu complemented reactive power Q.,p is

Qpa = [|ull[ics (60)

The scattered power D is
Ds = [[ulllis] (61)

The unbalanced power of the positive sequence DY, is

D = [Julllli] (62)
The unbalanced power of the negative sequence D7, is

Dt = [ulllZll (63)
The unbalanced power of the zero sequence D7 is

Df = [lullll&] (64)
The power factor A is

a=Lfo P (65)

S /P24 D24 Q3+ Qhy+ DL+ D12+ D52

6. Orthogonality of the Components in the Extended Budeanu Theory

Vectors are mutually orthogonal when the scalar product of the three-phase
quantities [2,21,22] is zero:

(xy) =

| -

T
/ () y(t)dt = 0 (66)
0
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If the three-phase quantities are represented in the form of complex RMS values, namely:
x= \fZRe{ Xej“’t} , Y= \fZRe{ Yej“’t} (67)

then their scalar product is equal to
5 T
_ = T jwt jwt _ T
(vy) = 7 [ Re{ XTelet } Re{ vel!  dt = Re{ XTY"} (68)
0

All components in the original CPC theory are mutually orthogonal [21]. The question
of the orthogonality of the individual components with respect to the Budeanu reactive
current and the Budeanu complemented reactive current remains.

1.  Orthogonality of the Budeanu reactive current and the active current:

(irp,fa) = Re ¥ I Tonlin = Re L (1BepUn)" (Gell)*
ne

(69)
—Re{) &, BunGelm*} =0
neN
2. Orthogonality of the Budeanu reactive current and the scattered current:
(irB,is) = Re Z g, L5 = Re & (jBeUn) ' [(Gn — Ge) U]
ne neN
, 2 (70)
—Re{j T Bun(G— o} =0
neN

3. Orthogonality of the Budeanu complemented reactive current and the active current:

(ichr ia) Re E Ichn an = Re Z [ ( eB)u”] (Geun)*
neN neN
. 2 1)
=Rejj L (Bu— Bep)Gellunl|” ¢ =0
neNy

4. Orthogonality of the Budeanu complemented reactive current and the scattered current:

(e is) = Re ©. 1 Lpnlin = Re L li(B — Bep) U] [(Gy — Ge)Un]*

~Rej L (B~ Ba) (G, — G|} =

neN

(72)

5. Orthogonality of the Budeanu complemented reactive current and the Budeanu
reactive current:

(ichr irB) Re Z Ichn Bn — =Re gN [j(BVl - BEB)UH]T(jBeBU”)*
n

* 2 *
=Re © JZBGB< n — Ben) || utu | :Beg( ¥ Bullunl* — Bep X ||un|2) (73)
neN neN neN
= st(Q - Q) =0
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10.

Orthogonality of the Budeanu reactive current and the unbalanced current of the
positive sequence:

(er,zu) Re I L 15, =Re ] (jBeBUn)T[(Yﬁan’) uRnr

neN
= Re{] x BeB(YEnlp) uiy, (74)
neN
—Re{] L Be(YE:) WU, [1+vc*+vc]} =0
neN

Orthogonality of the Budeanu reactive current and the unbalanced current of the
negative sequence:

(i, iy) = ReZ Tl = Re ¥ (jBeplin) T [(Y3,1") Ul

N
= Re{] r BeB(Yﬂnln uTuRn} (75)
neN
:Re{jz Bes (Y3 ) u,ug,, x [1+0¢+0¢*]}:0
neN

Orthogonality of the Budeanu reactive current and the unbalanced current of the
Zero sequence:

(irp,i%) = Re L 1%, 12, =Re ¥ (jBepUn) " [(Y2,17)UR,]*
ne

rBnun
neN
:Re{j D BeB(%nlz)*UEuﬁn} (76)
neN

- Re{j Y Bup(Y2,

) U, Uy, x [1+ a +oc]} =0
neN

Orthogonality of the Budeanu complemented reactive current and the unbalanced
current of the positive sequence:

(iewi2) = Re T Mg, tE" =Re & (j(By — Bow)Un)" [ (VE17 ) U |

neN
- Re{JnEZN( n — Bep) (Yﬁnlp) U;fufin} 77)
= Re{j Y (Bn — Bep) (Ylﬁn)*uﬂuﬁn x [1+a” +“]} =0
neN

Orthogonality of the Budeanu complemented reactive current and the unbalanced
current of the negative sequence:

=Re ) (j(Bu — Bep)Un) " [(¥a1") Urn]"

eB><Yﬂn1“>*u£uI§n} 79)

(ichr iu) Re Z Ichn un

—Re{JE (Bn —

neN

—Re{JE (Bn

 Bep) (V) Uiy, x [1 4+ (x*]} _0
neN
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11.

Orthogonality of the Budeanu complemented reactive current and the unbalanced
current of the zero sequence:

(i, i7) = Re &, g Té," = Re = (j(Bu — Bop)U)"[(Vor 1) U]
n

neN
- Re{j L (B BeB)%lZ)*uEUfzn} 79)
= Re{j Y, (Bu— BeB)(Yﬁn)*UnUﬁn X [1 + ¥ +tx]} =0
neN

7. Theoretical Illustration

The system in Figure 2 is supplied from a nonsinusoidal symmetrical voltage source.

The distorted voltage source, apart from the fundamental harmonic (230 V, 50 Hz), also
generates harmonics of higher orders, i.e., n =3, 5,7 (3rd—15V, 5th—25V, 7th—10 V). The
three-phase load is formed by linear elements in the form of resistance, inductive reactance
and capacitive reactance, which were selected randomly, albeit with the load asymmetry.
The system scheme is shown in Figure 2.

n

DO

IH
R I,
] -
S URH 1 Sn
° A USn -
! 1y,
C ‘ U -

Tn RR AI:& 13‘3 RT
I C.
“R S L’I'

= LT
N Artificial Zero Unbalanced =
LTI Load

Figure 2. Scheme of a three-phase four-wire system supplied with a nonsinusoidal symmetrical
voltage with an asymmetrical linear load.

The resistance, inductive reactance and capacitive reactance values for the fundamental

harmonic are listed in Table 1.

Table 1. List of resistance, inductive reactance and capacitive reactance values for the fundamental

harmonic.
Parameter in Q) Line R Line S Line T
Resistance 2 5 1
Inductive reactance 3.142 - 12.566
Capacitive reactance 0.637 0.398 -

The waveform of the nonsinusoidal voltage at the R, S, T terminals is shown in Figure 3.
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Voltage [V]

400 A

—Phase R/
——Phase S
300 - ——Phase T[]

200 - .

100 - N

-100 \

-200 g

-300 - 7

-400 ‘ ‘
0 0.01 0.02 0.03 0.04 0.05 0.06
time [s]
Figure 3. The waveform of nonsinusoidal voltage values at the terminals of a three-phase linear load.
The three-phase RMS value of the nonsinusoidal supply voltage shown in Figure 3 is

||u|| = 401.93 V

Table 2 presents the complex values of the admittances in the individual lines for
each harmonic.

Table 2. List of complex admittance values for individual harmonics.

Harmonic Order Line R in [S] Line S in [S] Line T in [S]
n=1 0.312¢=/514° 0.199¢/46° 0.079¢1855°
n=3 0.106e /778 0.200e/1-5° 0.027¢—1885°
n=>5 0.064e /827 0.200e/0-° 0.016e—189-1°
n=7 0.046¢ /848 0.200e/%7° 0.011e /84

Based on Ohm'’s law and Kirchhoff’s law, the complex values of the harmonic currents
in the individual lines were calculated. Table 3 presents the resulting complex values of the
nonsinusoidal line currents.

Table 3. List of complex line currents values for individual harmonics.

Harmonic Order Line Rin [A] Line S in [A] Line T in [A]
n=1 71.75¢ /514 45.86¢ /1155 18.25¢/346°
n=3 1.59¢ /778 3.00e/15° 0400885
n=>5 1.59¢ /827 5.00e/120-9° 0.40¢/1509°
n=7 0.46¢~ /848 2.00e—/1194° 0.11¢/307°

Figure 4 shows the waveform of line currents resulting from supplying a three-phase
load with a nonsinusoidal symmetrical voltage.
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Figure 4. Waveform of the line currents obtained from Ohm’s law and Kirchhoff’s law.
The three-phase RMS value of the nonsinusoidal current of the load shown in Figure 4 is
||li|| = 87.336 A

Table 4 presents the three-phase active powers (40) and reactive powers (41) of the
individual harmonics and the powers of the entire system.

Table 4. List of three-phase active and reactive powers values of individual harmonics and the total
three-phase active and reactive powers of the entire system.

Harmonic Order Active Power P in [W] Reactive Power Q in [var]
n=1 21,143.3 16,243.3
n=3 50.2 28.1
n=>5 130.2 474
n=7 204 54
SUM 21,3441 16,324.2

The apparent power (28), obtained by multiplying the three-phase RMS value of the
supply voltage [2] by the three-phase RMS value of the load current (39), is

S =35103.3 VA
The Budeanu distortion power (42) follows from the mathematical equation is
Dp = 22587.5 VA
Based on expression (3), the equivalent conductance of the system in Figure 2 is
Ge =0.1321S

Table 5 presents the equivalent parameters in the form of equivalent conductance and
susceptance of the individual harmonics of a three-phase load.
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Table 5. List of conductance and susceptance values of individual harmonics.
Harmonic Order Conductance in [S] Susceptance in [S]
n=1 0.1332¢/"" 0.1024¢ /%’
n=3 0.0744¢/"" 0.0416¢190°
n=>5 0.0694¢/"" 0.0253¢ 190"
n=7 0.0681e/"" 0.0181¢ /9

Table 6 presents the unbalanced admittances and equivalent admittance values ob-
tained from relations (15)-(18) described in CPC theory.

Table 6. List of unbalanced admittances and equivalent admittance values in CPC theory.

Unbalanced Admittance Equivalent Admittance
Harmonic Order
Yy Ya Yy Y
n=1 0.000e/%°  0.016e /777 (.139¢/653° 0.168¢ /375"
n=3 0.044¢/1%3°  0.090e/1907° 0.000e/%° 0.085¢ 7292
n=>5 0.081e/1082° 0. 000e/%°  0.053¢/1331° 0.074¢~7120°
n=7 0.000e/0° 0.057¢/1292° (,077¢—/1115° 0.071e—/149°

Based on relations (5), (7), (9), (21), (23), and (25), the three-phase RMS values of the
currents’ components described by the CPC theory were calculated. The three-phase RMS
values of the load currents’ components for the individual harmonics described by the CPC
theory are presented in Table 7.

Table 7. List of three-phase RMS values of currents” components for individual harmonics described
by the CPC theory.

Harmonic

e Jial Jis) Jiel 2] iz Iz
n=1 52.633 0.441 40.774 0 6.185 55.375
n=3 3.433 1.501 1.081 1.142 2.340 0
n=>5 5.721 2.714 1.095 3.490 0 2.295
n=7 2.288 1.109 0.314 0 0.985 1.327
RMS 53.104 3.323 40.805 3.672 6.686 55.438

Table 8 shows the complex values of the currents” components and the total current of
a three-phase load for the individual harmonics following the CPC theory.

Table 8. List of values of complex currents” components and total current for individual harmonics
based on the CPC theory.

Harmonic Order

Current [A] Line
n=1 n=3 n=>5 n=7
R 30.39¢/0° 1.98¢/0° 3.30e/%° 1.32¢10°
I, S 30.39¢ /1207 1.9810° 3.30e/120° 1.32¢7120°

T 30.39¢/120° 1.98¢10° 3.30e /1207 1.32¢/120°
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Table 8. Cont.

Harmonic Order

Current [A] Line
n=1 n=3 n=>5 n=7

R 0.26¢/%° 0.87¢/180° 1.57¢/180° 0.64¢/180°
I S 0.26¢—/120° 0.87¢/180° 1.57¢ 760" 0.64¢/00°

T 0.26¢/120° 0.87¢/180° 1.57¢/60° 0.64¢—/60°

R 23.54¢ 190" 0.62¢/%0° 0.63e= % 0.18¢= /%
I S 23.54¢/150° 0.62¢ /%0 0.63/30° 0.18¢/130°

T 23.54¢/30° 0.62¢ /%0 0.63¢/150° 0.18¢/3%°

R 0.00e/%° 0.66¢/14% 2.02¢/108.2° 0.00e/%
I S 0.00e/" 0.66¢/%° 2.02¢/131:8° 0.00e/°

T 0.00e/%° 0.66¢ 197 2.02¢/11:8° 0.00e/"

R 3.57¢ 1777 1.35¢/100.7° 0.00e/” 0.57¢/1291°
I} S 3.57¢/42:%° 1.35¢/19-3° 0.00e/% 0.57¢ /11097

T 3.57¢/1623° 1.35¢/139-3° 0.00e/” 0.57¢/%1°

R 31.97¢ /653" 0.00e/% 1.33¢/133.1° 0.77¢ /1115
I S 31.97¢ /653 0.00e/% 1.33¢/133.1° 0.77¢ /115"

T 31.97¢/653° 0.00e/% 1.33¢/133.1° 0.77¢ /1115

R 71.75e P14 1.59¢ /778’ 1.59¢ /827" 0.46¢ /848"
1 S 45.86¢ /1155 3.00e/1-5° 5.00¢/120%° 2.00e /11947

T 18.25¢/34:6° 0.40¢ /885" 0.40¢/150%° 0.11e/30-7°

Based on Table 8 and relations (4), (6), (8), (20), (22), and (24), Figures 5-10 show the
waveforms of the individual load currents’ components described in the CPC theory.

60

——Line R

Current [A]

-60 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06

time [s]

Figure 5. The waveform of active currents based on the CPC theory.
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Figure 6. The waveform of scattered currents based on the CPC theory.
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Figure 7. The waveform of reactive currents based on the CPC theory.

In a system with an asymmetrical structure of a three-phase linear load, there is a
current flow in the neutral line, the RMS value of which is associated with the three-phase
RMS value of the unbalanced current of the zero sequence multiplied by the value of /3,
or use relation (37), and is equal to

lin]| = 96.022 A

Summing the values of the waveforms of the currents’ components shown in Figures 5-10,
we find the value of the waveform of the line currents based on the CPC theory. This wave-
form of line currents is presented in Figure 11.
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Figure 8. The waveform of unbalanced currents of the positive sequence based on the CPC theory.
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Figure 9. The waveform of unbalanced currents of the negative sequence based on the CPC theory.

As can be noted, the waveforms in Figures 4 and 11 are similar.
According to the extended Budeanu theory and relation (45), the equivalent suscep-
tance of the system from Figure 2 is

Be =0.1011S

Based on relations (5), (7), (21), (23), (25), (47), and (53), the three-phase RMS values
of the currents’ components described in the extended Budeanu theory were calculated.
The three-phase RMS values of the load currents’ components for the individual harmonics
defined in the extended Budeanu theory are presented in Table 9.
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Figure 10. The waveform of unbalanced currents of the zero sequence based on the CPC theory.
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Figure 11. The waveform of the line currents based on the CPC theory.

Table 9. List of three-phase RMS values of the currents’ components for the individual harmonics
described by the extended Budeanu theory.

Harmonic . . . . . . .
Order [[7all llds || [l | l[crB| [kl llall (Al
n=1 52.633 0.441 40.255 0.520 0 6.185 55.375

n=3 3.433 1.501 2.625 1.544 1.142 2.340 0
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Table 9. Cont.
Harmonic . . . . . . .
Order [[7all ll4s || g l[crB| kAl l7all Al
n=>5 5.721 2.714 4.376 3.280 3.490 0 2.295
n=7 2.288 1.109 1.750 1.436 0 0.985 1.327
RMS 53.104 3.323 40.614 3.934 3.672 6.686 55.438

Table 10 presents the complex values of the currents’ components and the total current
of a three-phase load for the individual harmonics based on the extended Budeanu theory.

Table 10. List of values of complex currents” components and total current for individual harmonics

based on the extended Budeanu theory.

Harmonic Order

Current [A] Line
n=1 n=3 n=5 n=7
R 30.39¢/" 1.98¢1%° 3.30e/0° 1.32¢1%°
I S 30.39¢ /1207 1.98¢/0° 3.30¢/120° 1.32¢7/120°
T 30.39¢/120° 1.98¢/0° 3.30e /1207 1.32¢/120°
R 0.26e/° 0.87¢/180° 1.57¢/180° 0.64¢/180°
I S 0.26¢/120° 0.87¢/180° 1.57¢ 760" 0.64¢/00°
T 0.26¢/120° 0.87¢/180° 1.57¢/60° 0.64¢/60°
R 23240 1.52¢ 90" 2.53¢ 190" 1.01e /%0
Ig S 23241150 1.52¢ /90" 2.53¢/30° 1.01¢/150°
T 23.24¢130° 1.52¢ /0" 2.53¢/150° 1.01/3°
R 0.30e /9% 0.89¢/%0° 1.89¢/°%° 0.83¢/%°
IaB S 0.30¢/150° 0.89¢/%0° 1.89¢/150° 0.83¢130°
T 0.30e/30" 0.89¢/%0° 1.89¢ /30" 0.83¢ /150"
R 0.00e/% 0.66¢/143 2.02¢/108.2° 0.00e/”"
I S 0.00e/"" 0.66e/2%° 2.02¢/1318° 0.00e/"”
T 0.00e/% 0.66e 197 2.02¢/118° 0.00e/""
R 3.57¢7 1777 1.35¢ /1007 0.00e/” 0.57¢/1291°
X S 3.57¢/42:3 1.35¢/19-3° 0.00e/” 0.57¢ /11097
T 3.57¢/1623° 1.35¢/139-3° 0.00e/” 0.57¢/%1°
R 31.97¢ /655" 0.00e/” 1.33¢/133.1° 0.77¢~/111.5°
I S 31.97¢ /653 0.00e/%° 1.33¢/133.1° 0.77¢—71115°
T 31.97¢ /655" 0.00e/” 1.33¢/133.1° 0.77¢~/111.5°
R 71.75¢ /514 1.59¢/778° 1.59¢ /827 0.46¢/848°
I S 45.86¢/1155° 3.00e/15° 5.00e/120.9° 2.00e /11947
T 18.25¢/346° 0.40¢ /8857 0.40¢/150-9° 0.11¢/307

Based on Table 10 and relations (46) and (52), the waveforms of the two currents’
components of the three-phase load described by the extended Budeanu theory are shown
in Figures 12 and 13. The waveforms of the active currents (Figure 5), the scattered currents
(Figure 6), the three unbalanced currents of the positive sequence (Figure 7), the negative
sequence (Figure 8) and the zero sequence (Figure 9) are equal in both approaches.
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Figure 12. The waveform of the Budeanu reactive currents based on the extended Budeanu theory.
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Figure 13. The waveform of the Budeanu complemented reactive currents based on the extended
Budeanu theory.

By summing the values of the currents’ components shown in Figures 5, 6, 8-10, 12 and 13,
we obtain the value of the waveform of the line currents based on the extended Budeanu
theory. This waveform of line currents is presented in Figure 14.

As can be seen, the waveforms in Figures 4, 11 and 14 are exactly the same.



Energies 2024, 17, 1043 22 of 27

100

80

60

40

Current [A]
o

20
-40
-60
-80
-100
| | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06
time [s]

Figure 14. The waveform of the line currents based on the extended Budeanu theory.

8. Analysis and Discussion of the Obtained Results

What remains to be solved are the components of the distortion current and thus
the distortion power described by Budeanu. In three-phase four-wire systems supplied
from a symmetrical nonsinusoidal voltage source and a three-phase asymmetrical load
formed by resistance, inductance and capacitance in any configuration in each line, the
distortion power defined by Budeanu is expressed by five components, namely: the
scattered power, the Budeanu complemented reactive power and the three unbalanced
powers of the positive, negative and zero sequence. Similarly, the five currents’ components
relate to the Budeanu distortion current.

Figure 15 shows the conjunction of currents’ components in the extended Budeanu
theory and the CPC theory. Figure 16, on the other hand, shows an identical conjunction of
the components associated with the Budeanu distortion power.

= o= - - P -1 ~7
’B — laB +’SCPC +er +Ich +IuCPC +luCPC +luCPC

o N /\ D
Tepe Tocpc I cpc Fcpc
/

» Iy

Figure 15. Connection of the 3-p 4-w currents’ components of the load in the extended Budeanu and
the CPC theories.

Table 11 presents the complex values of the currents” components and the Budeanu
distortion current for the individual harmonics based on the extended Budeanu theory.
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Figure 16. Connection of the 3-p 4-w powers’ components of the load in the extended Budeanu and
the CPC theories.

Table 11. List of complex values of currents’ components and distortion current for individual
harmonics based on the extended Budeanu theory.

Harmonic Order

Current [A] Line
n=1 n=3 n=>5 n=7
R 0.26¢/° 0.87¢/180° 1.57¢/180° 0.64¢/180°
I S 0.26¢—/120° 0.87¢/180° 1.57¢ 760" 0.64¢/00°
T 0.26¢/120° 0.87¢/180° 1.57¢/60° 0.64¢/60°
R 0.30e /%0 0.89¢/°° 1.89¢/0° 0.83¢/%0°
IaB S 0.30¢/150° 0.89¢/%0° 1.89¢/150° 0.83¢/30°
T 0.30e/30" 0.89¢/%0° 1.89¢ /30" 0.83¢ /150
R 0.00e/%° 0.66¢/143 2.02¢/108.2° 0.00e/"
I S 0.00¢/" 0.66¢/%° 2.02¢/131:8° 0.00e/°
T 0.00e/% 0.66¢ 197 2.02¢/118° 0.00e/""
R 3.57¢7 1777 1.35¢ /1007 0.00e/”" 0.57¢/1291°
It S 3.57¢/423° 1.35¢/19-3° 0.00e/”" 0.57¢ /11097
T 3.57¢/1623° 1.35¢/139-3° 0.00e/”" 0.57¢/%1°
R 31.97¢~ /653" 0.00e/% 1.33¢/133.1° 0.77¢ /1115
Iy S 31.97¢ /653 0.00e/%" 1.33¢/133.1° 0.77¢—/111.5°
T 31.97¢~/653° 0.00e/% 1.33¢/133.1° 0.77¢ /115"
R 35.84¢ /663" 1 650—/1786° 3.24¢/163° 1.40¢/156-5°
Isp S 30.94¢ /%97 1.89¢/575° 3.11e/176.9° 1.24¢ 76337
T 29.38¢ /6997 2.27¢/1504° 3.92¢/271° 1.60e—/%42°

In accordance with the data in Table 11, the Budeanu distortion current waveform
described by the extended Budeanu theory is shown in Figure 15.

In the analyzed example, the Budeanu distortion current, the waveform of which is
shown in Figure 17, consists mainly of the zero sequence unbalanced current I;. Hence, the
typical 120° shift of the individual phases is not observed.

It should also be noted that the load in Figure 2, by suitably matching the imbalance in
the elements in the individual lines, results in the Budeanu distortion power consisting of
5 components. At this point, it should be mentioned that the components of the Budeanu
distortion power do not necessarily have to be five. It is possible to find situations in which
the Budeanu distortion power consists of one, two, three or four powers’ components.
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Figure 17. The waveform of the Budeanu distortion currents based on the extended Budeanu theory.

As presented in the theoretical illustration, the understanding of distortion current
allows for its interpretation based on the number of components. If the distortion current
has only one component, it indicates that the three-phase load is symmetrical, consisting
solely of L or C elements (it is worth mentioning a case that is not necessarily unrealistic
but deviates from theoretical assumptions, namely a load composed of resistive elements
that change with the frequency of harmonics). When there are two components in the
distortion current, the three-phase load is symmetrical and consists of RC or RL elements.
The distortion current also has only two components when the load is composed of reactive
elements in the form of an inductor L or a capacitor C, whose parameters do not change
with the harmonic order (denying an increase or decrease in susceptance with an increase
in frequency). In this case, specific harmonics occur, namely for harmonics with the
positive sequence (n = 3k + 1), the two components of distortion current are the unbalanced
currents of negative sequence and zero sequence. For harmonics with the negative sequence
(n =3k — 1), the two components of the distortion current are the unbalanced currents of
positive sequence and zero sequence, and for harmonics with zero sequence (n = 3k), the
two components are the unbalanced currents of positive sequence and negative sequence.
A distortion current composed of three components exists when the three-phase load is
asymmetrical and consists of reactive elements in the form of an inductor L or a capacitor
C, with parameters unchanged with the harmonic order, and at least two distinct sequence
harmonics. The scenario with three components in the distortion current also occurs when
the three-phase load is asymmetrical and composed of R, L, or C elements, with only specific
harmonics present. Specifically, for harmonics with the positive sequence (n = 3k + 1), the
three components of distortion current are the unbalanced currents of negative sequence,
zero sequence and the Budeanu complemented reactive current. For harmonics with the
negative sequence (n = 3k — 1), the three components are the unbalanced currents of positive
sequence, zero sequence and Budeanu complemented reactive current, and for harmonics
with zero sequence (n = 3k), the three components are the unbalanced currents of positive
sequence, negative sequence and Budeanu complemented reactive current. The case of four
components in the distortion current occurs when the load is asymmetrical and consists of
R, L, C, or variable R for at least two distinct sequence harmonics. The four components
are also present when the three-phase load is asymmetrical and composed of RC or RL
elements, with only specific harmonics occurring. Specifically, for harmonics with the
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positive sequence (n = 3k + 1), the four components of distortion current are the unbalanced
currents of negative sequence, zero sequence, the Budeanu complemented reactive current
and scattered current. For harmonics with the negative sequence (n = 3k — 1), the four
components are the unbalanced currents of positive sequence zero sequence, Budeanu
complemented reactive current and scattered current and for harmonics with zero sequence
(n = 3k), the four components are the unbalanced currents of positive sequence, negative
sequence, Budeanu complemented reactive current and scattered current.

As can be observed, Budeanu distortion current (distortion power) occurs when the
load admittance varies with the harmonic order, i.e.,

Yo=Y, (80)

where 1 and /1 denote the orders of harmonics in the set N = {1,2,3...}. The assumption (80)
can be presented in the form:

Y1 = Yien\(1} (81)

As observed from the analysis of specific cases describing distortion current com-
ponents, this is possible due to the extension of Budeanu’s theory with the inclusion of
Budeanu complemented reactive current described in this article for three-phase four-wire
systems powered by a nonsinusoidal but symmetrical voltage source. Further develop-
ment of the extended Budeanu theory should consider the possibility of constructing and
synthesizing passive compensation systems and expanding the mathematical model for
systems with asymmetrical power supply.

9. Conclusions

As presented in this paper, it is possible to develop Budeanu’s theory to a form in which
the currents” components of a three-phase four-wire load supplied from a symmetrical and
nonsinusoidal voltage source can be defined. With the development of Budeanu’s theory, it
is possible to accurately characterize the Budeanu distortion current by the components of
the load current and not by the difference in complex RMS values (CRMS) vectors. This
knowledge makes it possible to recognize the nature of the distortion power in the analyzed
cases, which is not only related to the imbalance of the load but also to the variation of
active or reactive powers.

The mathematical model in the extended Budeanu theory describing the equivalent
parameters of a three-phase four-wire load is capable of distinguishing the orthogonal com-
ponents of the current, and this makes it possible to determine the parameters of a passive
compensator both with ideal parameters and a compensator minimizing reactive current
and unbalanced current, which contributes to reducing the currents” components associated
with the reactance elements of the load (reactive powers and unbalanced powers).
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