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Abstract: In 1927, the most recognized power theory in the frequency domain was proposed by
Budeanu. The second power theory in the frequency domain, which is currently catching a lot of
supporters, is the approach proposed by Czarnecki. Both theories have common features in the
form of the description of active power and are completely different in terms of the description
and interpretation of reactive power. This article presents the possibility of using mutual elements
of both approaches: thus, it is possible to interpret the physical meaning of the reactive power
(reactive current) proposed by Budeanu and the power before the deformation obtained from the
mathematical description.

Keywords: Budeanu theory; currents’ physical components (CPC) theory; equivalent parameters;
nonsinusoidal systems; single-phase systems

1. Introduction

The basic purpose of any power theory is the appropriate description of the energy
properties of a load supplied, in a sense, from any voltage source. The first person who
decided to describe single-phase systems with the use of power equations was professor
Constantin Budeanu [1-4]. The relationships given by Budeanu are the most frequently
used in electrical engineering, although a large number of people (regardless of age and
skills) are not aware of the fact of using the power theory. A great advantage of the
Budeanu theory is its simplicity, while its significant weakness is the misinterpretation of
reactive and distortion powers [4,5]. Additionally, until the publication of this article, the
power components included in the distortion power proposed by Budeanu are not known.
Moreover, Budeanu was of the opinion that there should be a right triangle formed by
lines whose lengths represented the magnitude of the average power, the apparent power,
and the reactive power. That triangle was noted by Fleming, in the paper in which he
introduced the term “power factor” in 1892 [6]. Fleming noted that the right triangle was
applicable only if the signals were all sinusoidal.

In the 1980s, a publication by professor Czarnecki [7] was published, which unmis-
takable showed that the distortion power proposed by Budeanu has no signs of distortion
and the definition of reactive power, resulting from the sum of individual harmonics, is
inappropriate considering the possibility of accomplishing a zero value [2,4,8] despite the
presence of a reactive current causing an increase in the RMS value of the load current.
Moreover, Emanuel was responsible for including distortion power in IEEE Standard 1459.
A more recent paper [9,10] shows that since the harmonic components of the current and
voltage are orthogonal, the distortion power must always have zero value.

Over the years, countless scientists have attempted to describe the components of
the Budeanu theory [5,11-13]. The change in the description of the Budeanu theory was
and is intended to improve the value of the power factor [5,11,12,14,15]. Additionally,
single-phase systems are currently used to supply wireless power transmission (WPT)
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devices [16-20]. The WPT system, built of appropriately selected reactance elements, is
also exposed to losses resulting from the nonsinusoidal supply and nonlinearity resulting
from the control system. In such systems, over time, an appropriate energetic description
between voltage and current is also applicable. Additionally, such systems are also subject
to passive compensation, hybrid compensation, or the use of active power filters [21-28].
So there is a strict dependence on the amount of energy transferred.

In the area of modern lighting using semiconductor LED sources, there are also
problems ensuing from the incorrect consideration of these types of light points in terms
of their energy characteristics. The LED power supply systems are AC/DC converters,
characterized by the efficiency depending on the quality of the supply voltage, and therefore
they may impact the inappropriate interpretation of the energy description [29-31]. In
addition, LED sources, through their internal construction, regulate the current on the DC
side, mainly due to the RMS voltage. Then most of such systems can cope and keep the
value of the luminous flux at an unchanged level. The problem appears when the voltage
distortion occurs, and then the current control system is no longer as effective and there is
a decrease or increase in the luminous flux. The problem worsens in systems that are not
compensated, as the distorted current produced by the LED sources negatively affects the
supply voltage.

Another aspect to be addressed nowadays is microgrids related to renewable energy
sources [32-36]. Regardless of the source of electricity obtained (e.g., sun, wind, water),
the whole circuit is controlled by a frequency converter. On the power source side, such
a system is a rectifier and therefore generates capacitive reactive current despite the fact
that it is controlled to a power factor close to the value of 1. Microgrids of small power up
to a value of less than 4 kW are single-phase systems, while the rest are configured into
three-phase systems.

The purpose of this article is to present the energy properties of single-phase loads
described by the developed Budeanu theory. By energy properties, the authors understand
the possibility of determining equivalent parameters of the load and linking them, through
the supply voltage, with the current components. Each component of the current described
in the correction of Budeanu’s theory has a physical interpretation. Through this description,
it is possible to determine the parameters of passive compensators, which are able to
compensate the currents associated with the reactive elements. For many years, the authors
of the publication have been dealing with the aspects of the energetic description of
three-phase systems under conditions of supply voltage distortion due to amplitude and
phase asymmetry [37-39]. In addition to the description of energy properties, the authors
always propose the possibility of using such a description for the construction of reactance
compensators [40,41]. The development of the Budeanu theory and the interpretation of
the current components is possible only due by using the currents’ physical components
(CPC) theory [2,4,7,8,15].

List of main names:

i—line current, i;—active current, i,—reactive current, i;—scattered current,

ipp—Budeanu reactive current, i,,;—Budeanu complemented reactive current,

G.—equivalent conductance, G,—harmonic conductance,

Be.—equivalent susceptance, B,—harmonic susceptance,

Y,,—load admittance for harmonics,

S—apparent power, P—active power, Q—reactive power,

Dg—scattered power, Qp—Budeanu reactive power,

Qcp—Budeanu complemented reactive power.

2. Currents’ Physical Components (CPC) and Budeanu Theories

The basic assumption of the currents’ physical components theory, as the name sug-
gests, is the physical interpretation of the individual current components resulting from
the equivalent parameters of the load. Only in the result (secondary value) is the transition
to the power equation.
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A single-phase load (Figure 1) can be supplied by the periodic voltage, whose wave-
form can be described as [2]:

u(t) = u = Uy + v2Re Y U, e/t 1)
neN

where Up—direct component of the voltage, U,—complex RMS (CRMS) value of the
voltage harmonic, and n—harmonic order.

u, (f )

€, "

Figure 1. Scheme of a single-phase system supplied from a nonsinusoidal voltage source.

The direct component of the supply voltage can be left out, and then the relation (1) is
shortened to the form [2]:

u(t) = u = v2Re Y u,e"t 2)

neN

The result of supplying voltage (2) to the terminals of the load from Figure 1 is the line
current, the waveform of which is described by the equation [2]:

i(t) =i=v2Re Y Y,U,e"1" = V2Re ) I,e/"1! 3)

neN neN

where Y,—load admittance for harmonics and I,—CRMS value of the current harmonic.
If the linear load from Figure 1 is built on resistance and reactance, then its admittance,
for harmonic frequencies, is [2]:

Y, = Yne_jq)” =Gy +jBn 4)

where G, and B, mean conductance and susceptance for harmonics.

Based on the dependence (2) and (4), it is possible to determine the waveform of the
active current i,, for which the load is equivalent to the original load due to the active
power P resulting from the sum of the active powers of individual harmonics, namely [2]:

i = V2Re Y Gl (5)
neN

where the equivalent conductance G, of the whole system is described by the formula [2]:

Y P
_ neN " _ p (6)
e 2 2
(L ]



Energies 2022, 15, 8321

40f18

The waveform of the reactive current i,, for which the susceptances of individual
harmonics are responsible, takes the form [2]:

ir = V2Re Y jB,U,e/™ 1! @)
neN

The RMS value of the active current ||i,|| and the reactive current ||i,|| are [2]:

P
ig]| = Gel|lu|| = — 8)
Jill = Gelull = o

llirll = 2 (Bnun)2 ©)
neN
The active current i, is proportional to the supply voltage, while the reactive current
i, is shifted by a quarter of a period in regard to this voltage. It does not mean, however,
that the system consists only of two components of the current. As a result of changing
the conductance value for individual harmonics in the system, the scattered current is may
also be present, which waveform is defined as follows [2]:

is = V2Re Y (G — Ge)U,e/™! (10)
neN

The RMS value of the scattered current ||is]| is [2]

lisll =, [ Y- [(Gu — Ge)Uy)? (11)

neN

Based on the dependencies (5), (7), and (10), the current of a single-phase load has
three components [2]:

and due to the orthogonality of components [2,7]:
2 .2 .2 .2
0% = Wiall™ -l + [l (13)

This means that the load current is the sum of active current, reactive current, and
scattered current. Any of the components are related to a different physical phenomenon.
The active current i, is related to the consistent flow of energy from the source to the load.
The reactive current i, is related to the displacement of the load current in relation to the
supply voltage. The scattered current s is the result of the change in the conductance
value with the order of harmonics. The three abovementioned currents can be accurately
related to distinctive physical phenomena in the system. They can, therefore, be treated as
the currents’ physical components of the current of a load supplied with a single-phase
nonsinusoidal voltage.

The theory that is the most widespread and most frequently used in practice and in
classes, with students, is the Budeanu theory. According to Budeanu’s theory, the active
power PB of a single-phase load supplied from a nonsinusoidal voltage source is [2,7]:

Pg =Y Uyl,cos gy (14)
n=0

By analogy with the definition of the active power of Pg, the professor from Bucharest
proposed a description of the reactive power Qp, namely [2,7]:

Qp = 2 Uy I sin ¢y (15)
n=1
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Based on the dependence (14) and (15), the apparent power S of the load is or should
be [2,7]:
§* > Pp+Qp (16)

To explain why the apparent power S is bigger than the root of the sum of the squares
of the active power Pp and the reactive power Qp have been added (on the basis of
mathematical notation only) in the distortion power [2,7]:

Dp = /5% — (P3+ Q%) (17)

In the publication from 1987 [7], it was presented why the distortion power Dg has no
signs of distortion, and in the works [2,4,7] the inaccuracy of the Formula (15) of the reactive
power of the considered system supplied from a single-phase nonsinusoidal voltage source
has been described.

From time to time there are works [5,11,12] trying to develop the Budeanu theory in a
way more or less understandable by the average reader. At this point, the authors of the
publication raise questions, the answers to which are presented in the following chapters
of the publication:

(@) Question 1—Is it possible to determine the equivalent parameters of a single-phase
load that allows the physical interpretation of the current components?

(b) Question 2—Does the formula of the reactive power (15) proposed by Budeanu have
the limitations presented by Czarnecki [7] or maybe more limitations? If so, why and
what are these limitations?

(¢) Question 3—Why, using the Budeanu theory in the description of compensators’
parameters, is it not possible to achieve the power factor equal to unity? What is the
reason for this situation, and how can it be changed?

3. Currents” Components of a Single-Phase Load Based on Extension and Correction of
Budeanu’s Theory

As has been already mentioned, the authors of many publications over the years have
tried, and are probably still trying, to develop the Budeanu theory into a description that
allows it to be effectively used to describe the energy properties of single-phase loads
and to use it to improve the value of the power factor. Czarnecki’s approach was used to
demonstrate the well-defined elements in Budeanu theory.

The first step in correcting the Budeanu theory is to present what is actually right
in the theory. The definition of the active power P is certainly well-defined. Both in the
Budeanu and Czarnecki approaches, the active power, and thus also the active current,
are equal:

Pepc = Pp =P (18)

and
lacPC = 1aB = ig (19)

In view of the equivalence of active powers in both approaches, it will be marked as P.
This will be the same with the use of active current i,.
The interpretation and the values of reactive powers are completely different, because:

Qcprc # Qs (20)

and
ircpc # 1rB (21)

It is possible to describe the dependencies (20) and (21) more precisely:

Qcpc > QB (22)
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and
ircpc > irp (23)
Therefore, reactive powers and reactive currents will be marked with appropriate
subscripts.

It has been known, from Equation (17), that there is some power Dp in the system,
which is caused by some undefined current components. This is where Czarnecki’s ap-
proach and the scattered current he defined (10) come with help. Writing at this point the
equation of the current of a single-phase load defined in the developed Budeanu theory
received:

i=ig+ip+1is+ix (24)

the waveform of the Budeanu’s reactive current i, is obtained as follows:

ig = V2Re Y jBU,e/" ! (25)
neN

In Formula (25), a new quantity B, appears, which is the equivalent susceptance of the
entire system. It is achieved in the same way as the equivalent conductance G,, that is:

- Y Qn
Be — neN _ 7QB 26
? " Tl 29

The RMS value of the Budeanu’s reactive current ||i,g|| is defined as follows:

1ol
o]

In Formula (24), one more current is present, marked as ix. It can be easily obtained by:

lir ]l = [ Be|[|ul (27)

ix =1— (la+ i +is) (28)

However, in this way; it is still not known what equivalent parameter of a single-phase
load is responsible for the generation of this current, and whether it is realizable to influence
this parameter—whether it is a purely susceptive element, purely conductive, or whether it
has both of these quantities.

In order to be able to obtain the equivalent parameter of the load, which would be
responsible for the generation of the current described as iy, it is necessary to look at the
generation of the scattered current defined by Czarnecki. As it has already been written,
it obtains as a result of the differences between the equivalent conductance G, and the
conductances for individual harmonics G,. Since the Budeanu’s reactive current i, is
formed from the sum of the reactive powers of the individual harmonics Qpy,, then in the
search for the equivalent parameter of the load responsible for the generation of the current
ix, the procedure should be the same:

ix =+v2Re Y j(B ) Upel™t = i p (29)
neN

As can be noticed from the dependence (29), the current denoted as ix is associated
only with susceptance elements, so in the following, it will be determined as i, and is
called the Budeanu complemented reactive current. The RMS value of this current is:

Hich H = Z Be un] (30)
neN

Equation (24) can be presented as follows:

i= ia + irB + is + ich (31)
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According to the fact that the components of the Formula (31) are mutually orthogonal
(Appendix A), the following is correct:

1ill> = lliall* + lipl® + llisl* + liers (32)

Multiplying the current components by the square of the RMS value of the nonsinu-
soidal voltage ||u|| obtains the power equation describing a single-phase load:

S? = P? + Qg® + Ds? + Q5° (33)

It can be noticed that the deformation power Dp, defined in relation (17), consists of
two powers:
Dg® = Ds* + Qurs” (34)

As can be noticed from the Formula (34), the distortion power defined by Budeanu
consists of the power related to the scattered current, i.e., it is related to the change of
conductance along with the order of harmonics, and the complemented reactive current
of the Budeanu related to the reactive elements of the load, i.e., the change of susceptance
along with the order of the harmonic.

Additionally, as it turns out, reactive power, defined by Czarnecki, also has two
power components:

Qcrc® = Qp* + Qurp’ (35)

Perhaps not everything is easily identifiable on the basis of the formulas themselves,
and therefore, in Sections 46 of this article, several theoretical illustrations which clearly
explain the issues of the physical interpretation of current components in the developed
Budeanu theory are presented.

4. Theoretical Illustration 1

For the theoretical illustration, a single-phase system supplied with a nonsinusoidal
voltage, from Figure 2, has been chosen. All calculations were accomplished assuming the
linearity of the load and the invariability of its parameters in time.

Figure 2. Scheme of the single-phase system used for theoretical calculations.

The values of resistances and inductances, shown in Figure 2, are listed in Table 1.

Table 1. List of values of resistance and inductance.

Harmonic Order R[Q] L [mH] C [mF]
n=1 2 5 _
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The nonsinusoidal voltage supplying the load, shown in Figure 2, has the follow-

ing waveform:

u = v2Re (230ef‘*’1f + 15e/3wtt 4 p5efwrt 1 10ef7w1f) 1%

Based on the described values of the supply voltage and the load parameters, Table 2

lists the equivalent values of the load parameters, described by the dependencies (4), (6),

and (26).

Table 2. List of equivalent values of the load’s parameters.

Harmonic Order

Admittance [S]

1 3 5 7
Y, 0.309-0.243i 0.076-0.18i 0.03-0.12i 0.016-0.088i
Ge 0.304
Gy 0.309 0.076 0.03 0.016
B, —0.241
By —0.243 —0.18 —0.12 —0.088

As a result of applying a voltage to the load terminals, the currents of individual
harmonics and powers of the active (14) and reactive (15) for harmonics have been obtained.
All the obtained results, increased by the RMS values or the sum, are listed in Table 3.

Table 3. List of values of currents and active and reactive powers.

Haorf:](::ic Voltage [V] Current [A] ActiI‘)/(EvI\’;])wer Reacéi‘[/sall?wer
n=1 230e/0° 90.44¢/38.2° 16,359 12,848.3
n=3 15¢/%° 2.93¢J67° 17.2 40.5
n=>5 25¢/0° 3.09e=/757° 19 74.7
n=7 106/ 0.9¢ /797 1.6 8.8

Sum/RMS 232.056 90.545 16,396.8 12,972.3

The waveform of the phase voltage is shown in Figure 3, while Figure 4 presents the

waveform of a single-phase current of a load.

Based on the dependencies (8), (9), (11), and (13), the RMS values of individual com-
ponent currents, defined in the CPC theory, are presented in Table 4. Table 5 summarizes
the RMS values of the component currents, described by the Formulas (8), (11), (27), (30),

and (32), defined in the developed Budeanu theory.

Table 4. List of RMS values of currents in CPC theory.

CcPC

Component Ia I

sl

il

Value [A] 70.659 56.014

8.256

90.545
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Table 5. List of RMS values of currents in developed Budeanu theory.

S Jial lirs] Jis Jicrs | 0l
Component “ § s o
Value [A] 70.659 55.902 8.256 3.547 90.545
Value of distortion current [A] liz]| = 8.986

400 T

— Phase vollage ’f
300 | 1

200

100 -

Voltage [V]
(=]

0.01 0.02 0.03 0.04 0.05 0.06
time [s]

Figure 3. The waveform of phase voltage value at the terminals of load.

1 50 T T T
—Line current

1007

50

Current [A]
(=]

-100

_150 L | | L | 1 |
0 0.01 0.02 0.03 0.04 0.05 0.06

time [s]
Figure 4. The waveform of the line current of the load.

As can be noticed from Tables 4 and 5, the RMS values of the active and scattered
currents are identical, as this is the assumption of both approaches. The RMS value of
the load current ||i|| is also the same. The difference in the RMS values of the component
currents appear between the reactive current defined by Czarnecki and the reactive current
defined by Budeanu. Additionally, in the development of the Budeanu approach, an
additional current appears associated with the susceptance change around the equivalent
susceptance of the load. It should also be noted that the root of the sum of the squares of
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the RMS values of the Budeanu reactive current and the complemented reactive current of
Budeanu are the same as the RMS value of the reactive current defined by Czarnecki:

Vi l1? + lliesl|* = |lir|| = 56.014A

The RMS value of the distortion current ||i;|| resulting from the root of the sum of the
squares of the RMS values of the scattered current and the complemented reactive current
is 7.729 A and is completely responsible for the value of the distortion power Dp.

Based on the relationships (5), (7), (10), and (13), Table 6 summarizes the CRMS values
of the component currents defined by Czarnecki. In Table 7, on the basis of the relationships

(5), (10), (25), (29), and (31), the CRMS values defined according to the developed Budeanu
theory have been listed.

Table 6. List of complex values of currents in CPC theory.

Harmonic CPC Current [A]
Order I, 1, I, I
1 70.03¢/" 55.86¢ 10" 1.09¢/° 90.44¢~/38-2°
3 4.57¢/" 2.70e~ 10" 3.42¢/180° 2.93¢ 167"
5 7.61e/ 2.99¢—j90° 6.85¢/180° 3.09¢- 1757
7 3.06e/° 0.88¢ /90" 2.89¢/180° 0.9¢= 1797

Table 7. List of complex values of currents in developed Budeanu’s theory.

Harmonic Budeanu Current [A]
Order 1, Lp Is I.B 1
1 70.03¢/" 55.41¢ /%0 1.09¢/% 0.46¢ 190 90.44¢ /382"
3 4.57¢1% 3.61e= 0 3.42¢/180° 0.92¢/90° 293¢ /67
5 7.61e/ 6.02¢=/90° 6.85¢/180° 3.03¢/%" 3.09¢ 1757
7 3.06e/° 2410 2.89¢/180° 1.53¢/%0° 0.9¢=179-7°

Based on the values in Table 6, Figure 5 presents the waveforms of the component
currents and the waveform of the load current, defined by the CPC theory, from Figure 2.

|

= Mctive current L4
—CPC Reactive current ||
—— Scattered current

150
75

Current [A]
o

Fo
-160
L L | L | |
0 0.0 0.02 0.03 0.04 0.05 0.06
time [s]
[
150

——CPC Line current| |

Current [A]
L]
|

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

Figure 5. The waveform of the currents’ components and current of the load in CPC theory.
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Figure 6 shows the waveforms of the component currents and the load current defined
by the developed Budeanu theory and presented in Table 7.

— — Active current [
< —BUDEANU Reactive current —
E — Scattered current I
% BUDEANU Complamented reactive v:urrem?
&
] 0.01 0.02 0.03 0.04 0.05 0.06
time [s]
I I }
150 — BUDEANU Line current

L 75-
& 0
3 75
-150 . |
t] 0.01 0.02 0.03 0.04 0.05 0.06

time [s]

Figure 6. The waveform of the currents’ components and current of the load in developed
Budeanu’s theory.

From the presented calculations from the Theoretical Illustration no. 1, it can be
noticed that the waveforms of the load current, presented in Figures 4-6, are identical. It is
also worth paying attention to the character of reactive power presented in Table 3. The
reactive power for each harmonic is inductive, so it cannot be mitigated by the value of the
reactive power of harmonics of different orders. Despite this, Czarnecki’s reactive current
has a different RMS value and a different CRMS value than the Budeanu reactive current.

At this point, the following question can be asked:

(d) Question 4—If the load is purely capacitive or purely inductive, without a resistive el-
ement, will the reactive powers and the reactive currents be equal in both approaches?

5. Theoretical Illustration 2

The analyzed system in Theoretical Illustration no. 2 is shown in Figure 7, the load
parameter in the form of a capacitor with a value of 2 mF, CRMS values of currents
for individual harmonics (Tables 8 and 9), and waveforms of the component currents
(Figures 8 and 9). The supply voltage is identical to the system presented in Figure 2.

Figure 7. Scheme of the single-phase system used for theoretical calculations.
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Table 8. List of complex values of currents in CPC theory.

Harmonic CPC Current [A]
Order I, 1, I, 1
! - 14451/ - 144.51¢1%°
3 - 28.27¢190° - 28.27¢190°
5 - 78.54¢/9%° - 78.54¢/9%
7 - 43.98¢1°0° - 43.98¢/°0°

Table 9. List of complex values of currents in developed Budeanu’s theory.

Budeanu Current [A]

Harmonic
Order 1, Lp I I I
1 - 154.04¢/%0° - 9.53¢= /90" 144.51¢/°0°
3 - 10.05¢/70° - 18.23¢/%0° 28.27¢/%0°
5 - 16.74/70° - 61.8¢/°%° 78.54¢/°0"
7 - 6.7¢1%0" - 37.29¢/°0° 4398017

300 T T

—Active current
—CPC Reactive current
— Scattered current A

e
h
(=]

Current [A]
&
= 2 ©

-300
0 0.01 0.02 0.03 0.04 0.05 0.06
time [s]
300 | . -
—_ —CPC Line current
< 150 | :
E 0
O -150
-300 : '
0 0.01 0.02 0.03 0.04 0.05 0.06
time [s]
Figure 8. The waveform of the currents’ components and current of the load in CPC theory.
300 | |
— — Active current
= 5 — BUDEANLU Reactive current )
‘qc: \ | — Scattered cument
E W/ N/ ——BUDEANU Complemented reactive current
6 N ;}V/\;'
1 L !
0.02 0.03 0.04 0.05 0.06
time [s]
300 T T T (- -
_ [—BUDEANU Line current
< 150 -
& 0
E
O -150
-300 : - :
0 0.01 0.02 0.03 0.04 0.05 0.06
time [s]

Figure 9. The waveform of the currents’ components and current of the load in development

Budeanu’s theory.
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As can be noticed from the analyzed illustration no. 2 and answering the question
(d) in linear system:s, it is not possible to obtain identical reactive powers and identical
reactive currents in the Czarnecki and Budeanu approaches despite the fact that the load is
purely inductive (or capacitive). In order to obtain identical reactive powers and reactive
currents in both approaches, one of the basic principles of electrical engineering should be
broken, namely, the inductive reactance should not be increased or the capacitive reactance
should not be decreased along with the harmonic order. Only then would it be possible to
obtain identical values of reactive power and reactive currents in both approaches. The
reason for this, in addition to answering question (b), is a more significant restriction of
the formula of reactive power (14) than what Czarnecki showed in [7]. Apart from the
possibility of subtracting the reactive power of individual harmonics [2,7] (capacitive or
inductive character), the formula for the reactive power of harmonics is not an arithmetic
sum, but a weighted sum, which makes it possible to use the relationship (14) only in the
area of a given harmonic and on the basis of the defined parameter; for the equivalent load,
calculate the value of the reactive current as Czarnecki does in his approach. Otherwise,
the apparent power resulting from the product of voltage and current of the load is always
higher than the sum of reactive powers:

(S = llullllZl]) > (QB =) Qn> (36)

neN

and the RMS value of the load current consists of the Budeanu’s complemented reactive
current and the Budeanu'’s reactive current:

2 .2 . 2
117 = Nl I + llires | (37)

At this point, it is also worth noting the assumption made by Czarnecki in 1987 [3].
This assumption concerns the existence of the distortion power Dp. The lack of presence is
conditioned by [2,7]:

Y, =Y, (38)

where 1 and & denote the orders of harmonics in the set N = {1,2,3...}. The assumption
(38) can be presented in the form [2,7]:

Yl = YhEN\{l} (39)

As can be observed from the assumption that the distortion power Dp (17) is not
present in the system, there can be no admittance change along with the harmonic order.
From illustration no. 1 it can be noticed that the distortion current (distortion power) is
composed of the scattered current (10) and the complement reactive current of the Budeanu
(29). From illustration no. 2 it can be noticed that the distortion current is composed solely
of the Budeanu’s complemented reactive current. If we analyzed a resistive system, in
which the conductance would change with the order of the harmonic, it would turn out
that the distortion current consists only of the scattered current.

6. Theoretical Illustration 3

The analyzed system in Theoretical Illustration no. 3 is shown in Figure 10, the
load parameter in the form of a inductor with a value of 5 mH, CRMS values of currents
for individual harmonics (Tables 10 and 11), and waveforms of the component currents
(Figures 11 and 12). The supply voltage is identical to the system presented in Figure 2.
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i (1)
P
u, (1)
T L
Figure 10. Scheme of the single-phase system used for theoretical calculations.
Table 10. List of complex values of currents in CPC theory.
Harmonic CPC Current [A]
Order 1, I, I, I
1 - 146.42¢ =170 - 146.42¢ 790
3 - 9.55¢ /70" - 9.55¢ /90"
5 - 15.92¢= 190 - 15.92¢= /70
7 - 6.37¢= 170 - 6.37¢=10°
Table 11. List of complex values of currents in developed Budeanu’s theory.
Harmonic Budeanu Current [A]
Order Iu IrB Is Ich I
1 - 146.42¢ 190 - - 146.42¢ 7190
3 - 9.55¢ /90" - - 9.55¢/%0°
5 - 15.92¢/90° - - 15.92¢ 190
7 - 6.37¢1°0° - - 6.37¢7190°

300

— Active current
— CPC Reactive current| |
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Current [A]
(=]

-150 |
-300
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time [s]
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Figure 11. The waveform of the currents’ components and current of the load in CPC theory.
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Figure 12. The waveform of the currents’ components and current of the load in development
Budeanu’s theory.

As can be seen, the currents in both theories are the same. This is because the equivalent
admittance of the load is not variable (it behaves like pure resistance or a resistance
connected in series with another reactive element). Only such theoretical consideration of
the circuit guarantees equality of the currents in both approaches and the lack of Budeanu'’s
complemented reactive current.

The purpose of the article was to answer the questions presented in the publication.
The answer to question 1 about the possibility of determining the equivalent parameters of
a single-phase load based on the developed Budeanu theory is in the affirmative. As can be
seen from the relationships (4) and (26), the susceptance for individual harmonics and the
equivalent susceptance of the entire system creates the Budeanu’s reactive current and the
Budeanu’s developed reactive current in the appropriate configuration, and these currents
are then shifted relative to the voltage by half a period. After summing up the waveforms,
they are Czarnecki’s reactive current, which is closely related to the physical phenomenon.
The inability to obtain the power factor equal to 1 (question 3) using the Budeanu theory is
not possible due to two aspects, i.e., the first aspect is the presence of a scattered current
related to the conductance and therefore the indelibility of this current by inductance or
capacitance. The second aspect is the presence of the developed reactive current (29), which
is not taken into account when determining the parameters of the reactance compensators
because the relationship (17) does not reveal its presence in the system. The answers to
question 2 and question 4 are the same. As shown in illustration 2, a purely capacitive
circuit (the same is true for purely inductive circuits), as expected, will not only have
reactive current and reactive power, as defined by Budeanu (15). In order for the apparent
power S, resulting from the RMS voltage and current values, to be equal to the Budeanu
reactive power, condition (38) must be accomplished. It means that the susceptance cannot
change with the order of the harmonic. Accepting the invariability of susceptance would be
undermined the assumptions of theoretical electrical engineering and real measurements.
The formula for the sum of reactive powers (15) should be applied only to a single harmonic
in order to determine the equivalent parameter of the load. It cannot be used to get the
reactive power of a single-phase system supplied by a nonsinusoidal voltage because it is
impossible to achieve a correct result.

7. Conclusions

As presented in the article, it is possible to develop the Budeanu theory to a form in
which it is possible to determine the components currents of a single-phase load supplied
by a nonsinusoidal voltage source. Additionally, as shown in the correction of the Budeanu
theory, it is possible to have a physical interpretation of each current component and a
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further limitation of the formula for the sum of the reactive powers of individual harmonics.
The entire physical interpretation and determination of the current components in the
developed Budeanu theory are possible due to the use of the CPC theory.

Due to the fact that the Budeanu theory has current components related to the equiv-
alent elements of the load, it is possible to determine the parameters of the passive com-
pensator. The reactance compensator can be built in such a way as to compensate the
reactive current (Czarnecki’s definition), the reactive current of Budeanu, or Budeanu’s
complemented reactive current.
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Appendix A
Vectors are mutually orthogonal when their scalar product [2]:
1 T
() = 7 [ x(y(nat (A1)
0
is equal to zero and then [2]:
(x,y) =Re ) X,Y; (A2)
neNy

Of course, assuming that single-phase quantities are defined in the form of CRMS
values [2]:

X = \/ERe{Xnej”“'t}, y= \fZRe{ Ynef”“’t} (A3)

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

(irp,ia) =Re ¥ Iipuly, =Re ¥ (jBelln)(Geln)"
neNy neNy (A4)
=Re ¥ jB.GU2=0
neNy

2. Orthogonality of the Budeanu’s reactive current and the scattered current:

(i;8,is) = Re ¥ Lp,Ii, =Re ¥ (jBeUy)[(Gn — Ge)Uy]*
neNy neNy (AS)
=Re ¥ jB(Gy—G,)U2 =0
neNy

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

(i ia) = Re ¥ Iypull, = Re ¥ [j(By — Be)U,](Gel,)*
TIENO HGN() (A6)
=Re ¥ j(By— B)G.U2 =0
neNy
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4. Orthogonality of the Budeanu’s complemented reactive current and the scattered current:

(igp,is) =Re ¥ Iypuli, =Re Y [j(Bn — Be)Uy|[(Gn — Ge)Uy "
) HENO TZENO (A7)
=Re ¥ j(By—Be)(Gy—G,)U2 =0
neNy

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

(ich, in) = Re Z IchnI:an = Re Z [](Bn — Bg)Lln](ngUn)*

neNy neNy
=Re ¥ B;(By— B)U = B:( Y ByUZ-B. ¥ u%) (A8)
neNy neNy neN
=B;(Q-Q)=0

References

1.  Budeanu, C.I. Puissances Reactives et Fictives; Institut Romain de I'Energie: Bucharest, Romania, 1927.

2. Czarnecki, L.S. Moce w Obwodach Elektrycznych z Niesinusoidalnymi Przebiegami Prqddw i Napie¢; Oficyna Wydawnicza Politechniki
Warszawskiej: Warszawa, Poland, 2005. (In Polish)

3.  Torre, ED.; Morando, A.P,; Sapienza, G. Power quality analysis of electromechanical energy conversion: A Budeanu approach. In
Proceedings of the 14th International Conference on Harmonics and Quality of Power—ICHQP, Bergamo, Italy, 2629 September
2010; pp- 1-5.

4. Czarnecki, L.S. Budeanu and Fryze: Two frameworks for interpreting power properties of circuits with nonsinusoidal voltages
and currents. Electr. Eng. 1997, 80, 359-367. [CrossRef]

5. Jeltsema, D. Budeanu’s Concept of reactive and distortion power revisited. Przg. Elekt. 2016, R92, 68-73. [CrossRef]

6. Fleming, J. Experimental Researches on Alternating Current Transformers. |. Inst. Electr. Eng. 1892, 21, 594-686.

7. Czarnecki, L.S. What is wrong with the Budeanu Concept of reactive and distortion power and why it should be abandoned.
IEEE Trans. Instrum. Meas. 1987, IM-36, 834-837. [CrossRef]

8.  Hartman, M.T. Orthogonality of functions describing power states in electrical circuits in Budeanu’s concept. In Proceedings of
the International School on Nonsinusoidal Currents and Compensation (ISNCC), Lagow, Poland, 15-18 June 2010; pp. 127-131.

9. Kirkham, H.; Emanuel, A.; Albu, M.; Laverty, D. Resolving the reactive power question. In Proceedings of the International
Instrumentation and Measurement Conference, Auckland, New Zealand, 20-23 May 2019.

10. Kirkham, H.; White, D. The Physical Meaning of Reactive Power and Distortion Power. In Proceedings of the International
Instrumentation & Measurement Technology Conference (I2MTC), Ottawa, ON, Canada, 16-19 May 2022.

11. Nowomiejski, Z. Generalized theory of electric power. Arch. Elektrotechnik 1981, 63, 177-182. [CrossRef]

12.  Willems, J.L. Budeanu’s reactive power and realted concepts revisited. IEEE Trans. Instrum. Meas. 2011, 60, 1182-1186. [CrossRef]

13.  Shchurov, N.I; Myatezh, S.V.; Malozyomov, B.V.; Shtang, A.A.; Martyushev, N.V.; Klyuev, R.V.; Dedov, S.I. Determination of
inactive powers in a sigle-phase AC network. Energies 2021, 14, 4814. [CrossRef]

14. Hartman, M.T.; Wojciechowski, D. Emanuel’s method versus Illovici’s method for reactive power compensation in passive-active
power cinditioning scheme. In Proceedings of the 2013 International Conference-Workshop Compeatibility and Power Electronics,
Ljubljana, Slovenia, 5-7 June 2013; pp. 92-96.

15.  Zajkowski, K. Wady teorii mocy w obwodach jednofazowych wedtug Budeanu i Fryzego. Eksp. I Testy 2016, 12, 1500-1504.
(In Polish)

16. Stankiewicz, ].M.; Choroszucho, A.; Steckiewicz, A. Estimation of the maximum efficiency and the load power in the periodic
WPT systems using numerical and circuit models. Energies 2021, 14, 1151. [CrossRef]

17.  Stankiewicz, ].M.; Choroszucho, A. Comparison of the efficienyc and load power in periodic Wireless Power Transfer systems
with circular and square planar coils. Energies 2021, 14, 4975. [CrossRef]

18. Zhang, Z.; Pang, H.; Georgiadis, A.; Carlo Cecati, C. Wireless Power Transfer—An overview. IEEE Trans. Ind. Electron. 2018, 66,
1044-1058. [CrossRef]

19. Lee, C.H.; Jung, G.H.; Al Hosani, K.; Song, B.; Seo, D.K.; Cho, D.H. Wireless Power Transfer system for an autonomous electric
vehicle. In Proceedings of the IEEE Wireless Power Transfer Conference (WPTC), Seoul, Korea, 15-19 November 2020; pp. 467-470.

20. Hui, S.Y.R. Wireless Power Transfer: A brief review & update. In Proceedings of the 5th International Conference on Power
Electronics Systems and Applications (PESA), Hong Kong, China, 11-13 December 2013; pp. 1-4.

21. Montoya, FEG,; Bafios, R.; Alcayde, A.; Arrabal-Campos, EM. A new approach to single-phase systems under sinusoidal and
non-sinusoidal supply using geometric algebra. Electr. Power Syst. Res. 2020, 189, 106605. [CrossRef]

22. Graczyk, A. Determination of parameters for a half-band filter in a digital Hilbert transformer in a reactive power measurement
system. Prz. Elektrotech. 2015, 91, 104-108. [CrossRef]

23.  Balci, M.E.; Hocaoglu, M.H. Quantitive comparison of power decompositions. Electr. Power Syst. Res. 2008, 78, 318-329. [CrossRef]


http://doi.org/10.1007/BF01232925
http://doi.org/10.15199/48.2016.04.17
http://doi.org/10.1109/TIM.1987.6312797
http://doi.org/10.1007/BF01578562
http://doi.org/10.1109/TIM.2010.2090704
http://doi.org/10.3390/en14164814
http://doi.org/10.3390/en14041151
http://doi.org/10.3390/en14164975
http://doi.org/10.1109/TIE.2018.2835378
http://doi.org/10.1016/j.epsr.2020.106605
http://doi.org/10.15199/48.2015.04.24
http://doi.org/10.1016/j.epsr.2007.02.010

Energies 2022, 15, 8321 18 of 18

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Weislik, M. Comparison of reactive powers calculation algorithms for a single-phase AC circuit with nonlinear load. In
Proceedings of the Progress in Applied Electrical Engineering (PAEE), Koscielisko, Poland, 18-22 June 2018; pp. 1-6.

Buta, D.; Grabowski, D.; Maciazek, M. A review on optimization of active power filter placement and sizing methods. Energies
2022, 15, 1175. [CrossRef]

Sladic, S.; Odavic, M.; Jakopovi, Z. Single-phase active power filter. In Proceedings of the 12th IEEE Mediterranean Electrotechnical
Conference, Dubrovnik, Croatia, 12-15 May 2004; pp. 1133-1136.

Birici, S.; Ahmed, H.; Komurcugil, H.; Mersin, F.; Guler, N.; Ozmen, B.; Benbouzid, M. Single-phase active power filter control
under distorted grid voltage using quasi open-loop grid-synchronization technique. In Proceedings of the 12th Power Electronics,
Drive Systems, and Technologies Conference (PEDSTC), Tabriz, Iran, 2—4 February 2021; pp. 1-5.

Azri, M.; Abd Rahim, N. Design analysis of low-pass passive filter in single-phase grid-connected transformerless inverter. In
Proceedings of the IEEE Conference on Clean Energy and Technology (CET), Kuala Lumpur, Malaysia, 27-29 June 2011; pp.
348-353.

Bellia, L.; Btaszczakb, U.; Fragliassoa, F.; Grykob, L. Matching CIE illuminants to measured spectral power distributions: A
method to evaluate non-visual potential of daylight in two European cities. Sol. Energy 2020, 208, 830-858. [CrossRef]
Ackermann, B.; Schulz, V.; Martiny, C.; Hilgers, A.; Zhu, X. Control of LEDs. In Proceedings of the Conference Record of the 2006
IEEE Industry Applications Conference Forty-First IAS Annual Meeting, Tampa, FL, USA, 8-12 October 2006; pp. 2608-2615.
Apse-Apsitis, P.; Avotins, A.; Ribickis, L. Wirelessly controlled led lighting system. In Proceedings of the IEEE International
Energy Conference and Exhibition (ENERGYCON), Florence, Italy, 9-12 September 2012; pp. 952-956.

Fotopoulou, M.; Rakopoulos, D.; Trigkas, D.; Stergiopoulos, E; Blanas, O.; Voutetakis, S. State of the art of low and medium
voltage direct current (DC) microgrids. Energies 2021, 14, 5595. [CrossRef]

Unamuno, E.; Barrena, J.A. Hybrid ac/dc microgrids—Part II: Review and classification of control strategies. Renew. Sustain.
Energy Rev. 2015, 52, 1123-1134. [CrossRef]

Kumar, D.; Zare, F.; Ghosh, A. DC microgrid technology: System architectures, AC grid interface, grounding schemes, power
quality, communication networks, applications, and standarizations aspects. IEEE Access Spec. Sec. Pow. Qual. Harm. Iss. Futu.
Smart Grids 2017, 5, 12230-12256. [CrossRef]

Dmitruk, K.; Sikorski, A. Implementation of the improved active frequency drift anti-islanding method into the three-phase
AC/DC converter with the LCL grid filter. Energies 2022, 15, 1323. [CrossRef]

Alzahrani, A.; Ramu, SK.; Devarajan, G.; Vairavasundaram, I.; Vairavasundaram, S. A review on hydrogen-based hybrid
microgrid system: Topologies for hydrogen energy storage, integration, and energy management with solar and wind energy.
Energies 2022, 15, 7979. [CrossRef]

Soljan, Z.; Hotdynski, G.; Zajkowski, M. CPC-based currents’ description in three-phase four-wire systems with asymmetrical
and nonsinusoidal waveforms. Bull. Pol. Acad. Sci. Tech. Sci. 2020, 68, 1127-1134.

Soljan, Z.; Hotdynski, G.; Zajkowski, M. Decomposition of the load’s current supplied from a sinusoidal and asymmetrical
voltage source in accordance with the Currents’ Physical Components (CPC) theory. In Proceedings of the 20th International
Scientific Conference on Electric Power Engineering (EPE), Kouty nad Desnou, Czech Republic, 15-17 May 2019; pp. 389-394.
Soljan, Z.; Hotdynski, G.; Zajkowski, M. CPC-based minimizing of balancing compensators in four-wire nonsinusoidal asymmet-
rical systems. Energies 2021, 14, 1815. [CrossRef]

Soljan, Z.; Hotdynski, G.; Zajkowski, M. Balancing reactive compensation at three-phase four-wire systems with a sinusoidal and
asymmetrical voltage source. Bull. Pol. Acad. Sci. Tech. Sci. 2020, 68, 71-79.

Soljan, Z.; Hotdynski, G.; Zajkowski, M. CPC-based reactive compensation at three-phase four-wire systems powered from
asymmetric sinusoidal voltage source. In Proceedings of the 20th International Scientific Conference on Electric Power Engineering
(EPE), Kouty nad Desnou, Czech Republic, 15-17 May 2019; pp. 395-400.


http://doi.org/10.3390/en15031175
http://doi.org/10.1016/j.solener.2020.08.021
http://doi.org/10.3390/en14185595
http://doi.org/10.1016/j.rser.2015.07.186
http://doi.org/10.1109/ACCESS.2017.2705914
http://doi.org/10.3390/en15041323
http://doi.org/10.3390/en15217979
http://doi.org/10.3390/en14071815

	Introduction 
	Currents’ Physical Components (CPC) and Budeanu Theories 
	Currents’ Components of a Single-Phase Load Based on Extension and Correction of Budeanu’s Theory 
	Theoretical Illustration 1 
	Theoretical Illustration 2 
	Theoretical Illustration 3 
	Conclusions 
	Appendix A
	References

