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Powers and Compensation in Systems with Nonsinusoidal Voltages

and Currents
Part 10. Development History of the Currents' Physical Components (CPC) -
Based Power Theory

Moce i kompensacja w obwodach z odksztatconymi i niesymetrycznymi przebiegami pradu i napiecia

Czesc 10. Historia rozwoju teorii skladowych fizycznych pradéw (CPC)

Streszczenie: Teoria sktadowych fizycznych prqdéw (ang.: currents’ physical components — CPC) i oparta na niej teoria mocy obwodow
z niesinusoidalnymi i niesymetrycznymi przebiegami prqddw i napiec¢ stanowiq teorie mocy, ktdra wyjasnia zjawiska fizyczne redukujqgce
skutecznos¢ przesytu energii w systemach rozdzielczych. Powstawata ona réwnolegle do innych préb opisu wiasciwosci energetycznych
obwoddw elektrycznych i jest obecnie najbardziej zaawansowanq koncepcjq teorii mocy. Niniejszy artykut osadza teorie sktadowych

fizycznych prgdéw w szerszym kontekscie rozwoju teorii mocy. Podsumowuje on takze wktad réznych szkét w rozwdj teorii mocy
obwoddw elektrycznych.

Abstract: Currents’ Physical Components (CPC) — based power theory of electrical systems with nonsinusoidal and asymmetrical voltages
and currents is a theory which explains power related physical phenomena that contribute to the reduction of effectiveness of the energy
transfer in distribution systems. It was developed in parallel to other attempts aimed at explanation and description of power properties
of electrical circuits and it is currently the most advanced concept of the power theory. This paper puts the development of the CPC
in a broader context of the power theory development. It also summarizes contribution of various schools of power theory
to its development.

Stowa kluczowe: teoria mocy, compensacja, niesinusoidalne prqdy
Keywords: power theory, compensation, nonsinusoidal voltages

1. INTRODUCTION

The concept of the Currents' Physical Components (CPC) has occurred as an answer to the question: why
could the apparent power S of a load be higher than its active power P? This question, of cognitive nature, is one
of the most fundamental questions of electrical engineering. The CPC-based power theory is the first power theory
that provides the answer to this question; the answer which is based on physical fundamentals. Fryze suggested [9]
that this question should be formulated with respect to the load current rather than with respect to the load powers,
namely, why can the rms value of the load current be higher than its value needed for the load supply with
the active power P? Fryze's rephrasing of the original question along with separation of the active current i ()
was the first step towards development of the Currents' Physical Components — based power theory.
The active current is one of seven Physical Components of the load current.

The power theory based on the concept of Currents' Physical Components is currently the most advanced
tool that enables to explain physical phenomena which accompany energy transfer in distribution systems
and describe them in power terms. It enables the identification of the causes of reduction in the effectiveness
of this transfer in the presence of waveform distortion and asymmetry. It is also a tool used to design reactive
compensators and to control switching compensators to improve this transfer effectiveness.
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A lot of studies have contributed to the development of the CPC-based power theory, with results published over
a few decades. One of the most important was the research conducted by Stanistaw Fryze, a professor at Lwow
University of Technology. The conclusions were published in Polish, 1931 and in German, 1932. It is worth mentioning
that it was Fryze who introduced the term “power theory” into electrical engineering. His contribution to the power
theory development was discussed in articles [41, 57].

This paper places, without going into details, the CPC-based power theory in a wider perspective of the power theory
development. More details could be found in former papers of this series on Powers and Compensation in Circuits
with Nonsinusoidal and Asymmetrical Voltages and Currents published in this Journal [56, 58, 59, 60, 63, 64, 66, 671.

2. CURRENTS' PHYSICAL COMPONETS

The identification of particular components of a load current which are associated with distinctive physical
phenomena in the circuit or with its distinctive features is the very essence of the concept of the Currents’' Physical
Components (CPC). The plural term “Currents” was used in this name because CPC applies also to three-phase
systems supplied by three-line currents. In the case of single-phase circuits the term “Current Physical Components”
is more appropriate.

The load current in single-phase circuits has four Physical Components

1) = icaO + i) + i) + i O). (M
Index "C" means that Physical Components ic,(?), ic.(t), ics(t) can have only such harmonics for which the harmonic
active power
P,=U,I,c0s0,>0 , )
is positive, i.e, harmonics that transfer the energy exclusively from the supply source to the load. Harmonics
that transfer the energy in the opposite direction, i.e., from the load to the supply source belong to the Current
Physical Component with index “G”.

Each of the current components in decomposition (1) is associated with a distinctive physical phenomenon
in the load and can be identified by measurement of the voltage and current at the load terminal. No knowledge
of the load structure and parameters is needed for that. These are:

Active current i, (2), in linear, time-invariant (LTI) single-phase circuits this current is identical with the active
current i,(¢) which was identified by Fryze [9]. In non-linear or/and time variant loads the active current ic,(t)
differs from the Fryze's active current i,(¢). The active current i,(?) is the Current Physical Component associated
with the phenomenon of permanent transfer of energy from the supply source to the load. From the point of view
of the energy transfer, it is the most important, indispensable component of the load current. Remaining Physical
Components of the load current do not transfer energy permanently. They contribute only to useless loading
of the supply source, thus these Physical Components are harmful.

Reactive current ic(2), in LTI circuits this current is identical with the reactive current i.(¢) which was identified
in the load current of single-phase circuits by Shepherd and Zakikhani [18]. It is the Current Physical Component
associated with the phenomenon of the phase-shift between harmonics of the load voltage and current.

Scattered current i(?) in LTI circuits this current is identical with the scattered current i (), which was identified
in the load current of single-phase circuits by Czarnecki [23, 56]. It is the Current Physical Component associated
with the phenomenon of the change of the load conductance G,, with harmonic order n.

Generated current i;(2), identified in the load current of non-linear and/or time-variant single-phase circuits
by Czarnecki [31, 58]. It is the Current Physical Component associated with the phenomenon of the energy flow
at harmonic frequencies from the load back to the supply source. This flow is caused by harmonics that occur
in the load current due to the load non-linearity or periodic change of its parameters.

Decomposition (1) into CPC can be generalized for currents of three-phase loads, supplied both by a three-wire lines
[28, 59] and by four-wire lines, i.e., with a neutral conductor [63 68].
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Namely, when the line currents of a three-phase load are arranged into a three-phase vector
i (0
i=i0| 3)
i)
then such a vector of the line currents of a load supplied by a four-wire line can be decomposed into seven Currents'
Physical Components, namely:

i(t) = z.Ca(l‘) + iCr(t) + iCs(t) + iG(t) + iCu(t) + igu(t) + z.(%u(t) (4)

The active, reactive, scattered and the generated currents #c,@), &), ¢c(¢) and &5() preserve their physical
interpretation, only generalized to three-phase systems, though. Three new Currents' Physical Components occur
[28, 59, 63, 68, 70].

Unbalanced symmetrical current of the negative sequence #¢,(?). This Currents' Physical Component is associated
with phenomenon of current asymmetry caused by the load imbalance which results in a symmetrical current
component of the negative sequence.

Unbalanced symmetrical current of the positive sequence #2,(:). This Currents' Physical Component is associated
with phenomenon of current asymmetry caused by the load imbalance in the presence of the supply voltage
asymmetry, which results in a symmetrical current component of the positive sequence.

Unbalanced symmetrical current of the zero sequence #&,(). This Currents' Physical Component is associated
with phenomenon of current asymmetry caused by the load imbalance in the presence of the supply voltage
asymmetry in systems with four-wire supply, which results in a symmetrical current component of the zero sequence.

The last CPC are not components of the same unbalanced currents but occur in different circuit situations. The first
one can occur in three-wire systems even if the supply voltage is symmetrical, the second can occur in the same
systems when the supply voltage is asymmetrical. The last one can occur only in four-wire systems.

One of the most important properties of the Currents' Physical Component is their effect on the three-phase rms
value of the load current. Each of them increases this value independently from each other.

., . 12 . 2 . 2 . 2 n 12 o 2 27 (2
||1||:\/||1Ca|| |l |1+ s |1 + M 1™ + 1 1™+ 11 + 111 (5

It is because all these Components are mutually orthogonal.

The property (5) results directly in the power equation of three-phase loads supplied in four-wire systems
with nonsinusoidal and asymmetrical voltage.

§* = B+ Q2+ D¢+ D&+ Di; + DB+ DGy, (6)
Each of the powers in this equation is a formal product of three-phase rms values of the load voltage ||ul|
and particular Currents Physical Components ||i,||. The active power PC in this equation can be lower than the

conventional active power P by the generated active power Py, i.e., the active power of all harmonics that transfer
the energy from the load back to the supply source, namely

B=P-P; )

3."SCHOOLS" OF THE POWER THEORY

The CPC-based power theory was developed when widely disseminated power theories already existed; some of
them were supported with norms and standards [17, 21, 42] and new ones [46] were under development. Thus
working on the CPC-based power theory it was necessary to demonstrate that the CPC concept provides better
interpretation of power phenomena in electrical circuits than other existing power theories. Consequently, in
parallel to the development of the CPC concept, critical analysis of other concepts was needed. This analysis
has demonstrated that in the presence of the supply voltage distortion and asymmetry, most of power theories
erroneously interpret physical phenomena in electrical circuits and do not provide right fundamentals
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for their compensation. The very practical question — How can the difference between the apparent power S and
the active power P be reduced by a compensator? was not appropriately answered by these theories.

The development of the power theory with nonsinusoidal voltages and currents was initiated by Steinmetz’s
observation [1] that the power equation P? + 0 = §?in a circuit with an arc bulb is not fulfiled. Questions on the reactive
power definition and the form of the power equation have occurred. Apparently trivial, these questions have appeared
to be extremely difficult. Attempts aimed at finding answers are continued even now. Unsuprisingly the number
of papers on these issues probably exceeds one thousand. The questions: - "why can the apparent power S be
higher than the active power P and what phenomena in the load are responsible for this inequality?" are very
fundamental for power systems performance. The very practical question: — "how can the difference between
the apparent power S and the active power P be reduced by a compensator?" follows the previous cognitive
questions. The right answer to this question is crucial for developing methods of the power factor improvement.

Over the years a lot of answers to these questions have arisen. Scientists involved in studies on the power theory
development established a number of "schools", centered around dominating concepts. In such a way several schools
of power theory were created. The most known are power theories established by Budeanu [7], Fryze [9], Shepherd,
Zakikhani [18], Kusters and Moore [20], CPC by Czarnecki [23], FBD Method by Depenbrock [34], Instantaneous
Reactive Power p-q Theory by Akagi and Nabae [24], Conservative Power Theory (CPT) by Tenti [46]. There were also
concepts that are difficult to be classified as belonging to some of these “schools” [15, 16, 19, 30, 36, 43, 45, 49, 50],
but which affected our present comprehension of power related phenomena in electrical circuits. Some concepts
on powers supported by norms or standards are taught at universities and disseminated in papers
and academic textbooks.

Unfortunately, in spite of all these research efforts, the existing power theories in the presence of the supply voltage
distortion were not capable by 1984 of describing power properties of even a simple RL load as shown in Fig. 1.

u(t)

Fig. 1. RL load.

Moreover, these theories did not provide fundamentals needed for calculating parameters of a compensator
for the power factor A of such a load improvement. This problem was eventually solved [23, 32, 56] with the
implementation of the CPC-based power theory.

The development of the CPC-based power theory with other concepts of this theory in the background is illustrated
in a diagram shown in Fig. 2. It shows times when particular new concepts were reported as well as their impact
upon the CPC development.

This diagram emphasizes the fact that it was not possible to develop power theory of three-phase circuits before
power properties of single-phase circuits were comprehended. The concepts of the active, reactive and scattered
currents in single-phase circuits had to be developed before that.
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Fig. 2. Diagram of the CPC — based power theory development as referred to other power theories development.

4. TIME AND FREQUENCY DOMAINS

Two main approaches to the power theory development have competed almost all the time. These approaches
were related to the question: Should power properties be interpreted and described in the time-domain
or rather in the frequency-domain, i.e., with the use of harmonic concept? The first power theory, developed
by Budeanu [7], was formulated in the frequency-domain. In Fryze's opinion, harmonics do not exist as physical
entities, however, so that harmonics should not be used for describing such an important physical phenomenon
as the energy transfer. Metrological availability of harmonics was also important in Fryze's argumentation. In times
of Budeanu and Fryze, before digital signal processing was developed, only the rms (crms) value of harmonics,
but not their phase could be measured with analog filters. It was almost impossible to measure harmonics phase.
Currently, measurement/calculation of both the rms value and the phase angle of the voltage and current harmonics,
bearing in mind complex rms and crms values, can be easily done by commonly available digital meters.
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In Fryze's opinion [9, 25], the energy flow should be described exclusively in the time-domain. He supported
this opinion with results of analysis of energy flow in the circuit shown in Fig. 3. In this circuit, supplied from a DC
voltage source, a periodic switch closes the circuit.

0 ; 70,7 A
A
+ _fWV O*u l
=100V T
-T 70,7V e
i
100 A —
t
0 172 T
u
100 V +
t
0 T/2 T Fig. 3. A circuit with a periodic switch.
The voltage and current at the load terminals can be expressed in terms of Fourier series
ut) = Uy ++2 ZU,, cos(nat+a,) =Zun , 8)
n=l1 n=0
i0) = Ig+\2 Y I,cosag+B)= Y i, . 9)
n=l1 n=0

The instantaneous power, i.e. the rate of the energy W(t) flow between the supply source and the load,
is equal to the product of the load voltage and current, namely

p) = dlg(t) =u@)i() = ZurZiS = ZS,, cos(not+y,) . (10)
r=0 s=0 n=0

Thus in the frequency-domain, using harmonics, very little can be concluded on the flow of the energy.
It looks as if this flow is composed of infinite number of oscillating components. On the other hand, in the time-
domain it is evident that apart from points of discontinuity,

p(t)=%=u(t)i(t)=o , 1m

so that there is no flow of the energy in this circuit. Time-domain in the Fryze's opinion is definitely superior over
the frequency-domain.
In spite of that opinion, the CPC-based power theory is formulated in the frequency-domain for two reasons.
First of all, the reactive current

0 L aRe S B U, " (12)

neN

has a clear physical interpretation only in the frequency-domain as an effect of the phase-shift between the voltage
and current harmonics, at non-zero susceptance B,,. This current contributes to an increase of the load current rms

value, but its interpretation in the time-domain is not known.
Next, the load current can contain the scattered current

df .

i(0) = Go~ G)Ug+V2 Re Y. (G,—G)U, ™"
neN

which also contributes to the load current rms value and is interpreted in the frequency-domain as the effect

of the load conductance G, change with the harmonic order n. The physical phenomenon of this change

is in frequency-domain by nature. Is unlikely that this phenomenon could be explained without use of the harmonic.

, (13)
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5.INSTANTANEOUS AND AVERAGING APPROACHES

Scientists who study electric powers faced also a question: should powers be defined as instantaneous entities or
as entities calculated by averaging over the period of the voltage and current variability?

The most fundamental power, the rate of the energy flow between the supply source and the load, i.e,
the instantaneous power, p(t) = dW(t)/dt = u(t) i(t), is defined as instantaneous quantity. Therefore, should the
whole power theory be based in instantaneous quantities? Affirmative answer to this question was a starting point
for the Instantaneous Reactive Power p-q Theory, developed [24] by Nabae, Kanazawa and Akagi in 1984.

One could ask a question, however: could the power properties of electrical loads be really determined
instantaneously, in the event of single-phase loads, just observing two samples of instantaneous values
of the voltage and current, as shown in Fig. 4?7

I i

t, ©

Fig. 4. Unknown load and a pair of voltage-current samples at its terminal.

The answer is, of course, negative. This is not possible. As it is illustrated in Fig. 5, a resistor, inductor or a capacitor can
have mutually identical pairs of the voltage-current samples.

~

~

u ©

o— |

Fig. 5. Three different loads with identical pairs of the voltage-current samples.

In general, an infinite number of different loads can have such identical pairs of samples. No conclusion on power
properties of the load can be drawn without observation of the voltage and current samples over the whole period
of their variability.

Samples of voltages and currents of a three-phase load are used in the Instantaneous Reactive Power (IRP) p-q
Theory for calculating instantaneous active and reactive powers p and ¢. According to the Authors of the IRP
p-q Theory, the load is at each instant of time specified by a pair of p and g powers, which enables generation
of the reference signal for a switching compensator control. Unfortunately, as it was demonstrated in [47] such
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a pair (p, ¢) of instantaneous powers does not allow for identification of power properties of the load. Thus,
instantaneous compensation is not possible.

Instantaneous powers p and ¢ are defined as some algebraic forms of the supply voltage and the load current.
Observing some features of these powers we are not able to conclude whether these features are caused by
the load current or by the supply voltage [62]. This can lead to erroneous control [53, 55] of switching compensators.
Consequently, the instantaneous approach to power theory is not a right approach. Moreover, the state
of distribution systems is specified in terms of quantities obtained by averaging in the period of the voltage variability.
The rms values of voltages and currents, active, reactive or apparent powers, power factor, symmetrical components,
rms values of harmonics, distortion and asymmetry coefficients are obtained by averaging. Therefore, the CPC-based
power theory was founded on the averaging approach.

6. APPARENT POWER IN THREE-PHASE SYSTEMS

The electric energy is transferred and used mainly in three-phase systems, therefore, power properties of three-phase
circuits are the very core of the power theory. Because of that a lot of effort [3, 8, 10, 12, 13, 14, 25, 26, 51] was devoted
for describing power properties of three-phase circuits in the presence of the voltage distortion and asymmetry.
Power properties of single-phase systems are important because without their explanation it would not be possible
to comprehend power properties of three-phase circuits.

There were two major obstacles for the development of the power theory of three-phase circuits. The lack of the
right interpretation of these properties in single-phase circuits was the first of them. The lack of the right definition
of the apparent power S in three-phase system was the second obstacle.
The American Institute of Electrical Engineers (AIEE) suggested [4] in 1920 two definitions of the apparent power
for three-phase circuits. The first one, known as the arithmetical apparent power, has the form

S=Uglg+ Uslg+UrpIr=S, . (14)

The second definition, known as geometrical apparent power, has the form

S=\P+0*=5; . (15)

The debate on these two definitions in the twenties [11] was inconclusive and both definitions were supported
by the IEEE Standard Dictionary of Electrical and Electronic Terms [42] and affected the electrical engineering
community and studies on power theory.

In 1922 Buchholz suggested [5], without due justification, however, a different definition of the apparent power

S =UR+U3+UR R +R3+1F =5, . (16)
However this definition was not known well in the electrical engineering community. It would be to the same extent
justified by the fact that in circuits with sinusoidal and symmetrical voltages and currents these three definitions

result in the same numerical value of the apparent power. Nonetheless, studies on power properties of three-phase
circuits were dominated by geometrical definition.

In paper [28], where for the first time the concept of CPC was applied to three-phase circuits with nonsinusoidal
and asymmetrical currents, the apparent power was defined in a different way, namely as

S = ||l . (17)
Thus it was defined as product of three-phase rms values of the load voltages and currents. The quantity referred
to as "three-phase rms value" was also defined along with its physical interpretation in that paper. This new
definition in systems with sinusoidal voltages and currents is identical with the Buchholz's definition. The question:
which definition S, S; or Si is right? has still not been answered.

The apparent power S is not a physical quantity, i.e., it does not have any physical interpretation. It is only

a conventional quantity. Nonetheless, it should provide right fundamentals for the power factor 4 calculation.
Its value is related to the loss of energy at its delivery to a customer, who can be financially charged with its cost.
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For example, when the load has the structure and parameters as shown in Fig. 6 and assuming that transformer
is ideal, then the apparent power S calculated according to definitions (14), (15) i (16) is, respectively, equal to

S, =351 KVA, S;=304KVA, Sz=430 kVA,

;500 4 3897 A A
|
*389,7A
so 389,7 A ’% L~
T C -0= M\
1:11

2Q

Fig. 6. Unbalanced three-phase load.

while the power factor

/1A=§=0786, ,10:%:1, AB:SL;:OJI.

The question which of these three definitions of the apparent power provides right value of the power factor
was studied in [44]. It was concluded that the right value of the power factor is obtained when the apparent power
is calculated according to the Buchholtz' definition. Power factor calculated using arithmetical and geometrical
definitions can have a wrong value.

7. COMPENSATION

Compensation which as a goal has the power factor improvement, i,e,, an increase in the effectiveness of energy
transfer, is the most important practical application of the power theory. The technical tools for that i.e. compensators
can be classified as

e Reactive compensators,

e Switching compensators,

e Hybrid compensators, composed of reactive and the switching ones.

The first compensator for balancing three-phase loads was the reactive compensator developed by Steinmetz [2]
in 1917 and known as the Steinmetz' circuit. It was a reactive compensator developed for circuits with symmetrical,
but sinusoidal supply voltage.

Calculation of LC parameters of a reactive compensator can be regarded as an optimization problem and any power
theory is not needed for that. The optimization result does not contribute to our comprehension of compensation,
though. Moreover, optimization procedures, due to the amount of calculation needed, are not appropriate
when the compensator should have adaptive properties. The same goes for compensation of fast varying loads.
More appropriate for that are algebraic methods, i.e, meaning calculation of LC parameters of the compensator
using algebraic formulae. Such formulae cannot be developed without sufficiently advanced power theory, though.
Therefore, the progress in compensation is closely related to the progress in the power theory development.

The first concepts of power theory as suggested by Budeanu and by Fryze did not create fundamentals
for compensation. In the presence of the supply voltage distortion these theories did not provide any method
for calculation of even such a simple compensator as a shunt capacitor.

The first step in this direction was taken in 1972 by Shepherd and Zakikhani [18]. They suggested a new power theory
and a new definition of the reactive current. This definition, in the frequency-domain, made calculation of an optimal
capacitance C,,, possible, the capacitance that minimizes the rms value of the reactive current. The phase-shift angle
between the voltage and current harmonics was needed for this optimal capacitance calculation, though. This was
beyond the capability of the measurement technology of that time, which was based on analog harmonic filters.
Measurement of phase angle of a harmonic was very difficult and inaccurate.
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Kusters and Moore suggested [20] a method of calculation of the optimal capacitance C,,, in the time-domain. It was
a major progress, important to such a degree that the International Elektrotechnical Committee (ICE) recommended
[21] power definitions and method suggested for use in electrical engineering. Unfortunately, it has occurred [22]
that the suggested method in common industrial situations does not allow for calculation of the optimal capacitor
of a compensator. Moreover, capacitive compensation in circuits with distorted supply voltage can enhance
the waveform distortion and should be avoided.

Fundamentals of reactive compensation in single-phase circuit with nonsinusoidal supply voltage were eventually
developed [23, 56] with the implementation of the CPC — based power theory in 1984. It transpired that the reactive
currentcan be compensated entirely by a shunt reactive compensator, while the scattered currentis not affected by such
a compensator. Consequently, unity power factor cannot be achieved by a shunt reactive compensator.
This is possible [32] by a series-shunt compensator.

A method of synthesis of balancing reactive compensators for three-phase circuits with nonsinusoidal supply
voltage was developed [29, 35, 60] in the frame of the CPC — power theory in 1989. It was applied [38, 40] for control
of an adaptive hybrid compensator, composed of a reactive and a switching compensator. The CPC concept can be
used [33, 35] for minimization of the rms value of the reactive and unbalanced currents with a reactive compensator
of complexity reduced to two reactive elements per compensator’s branch. It can be also applied [68] for synthesis
of reactive compensator for three-phase circuits with loads supplied by a four-wire line.

Switching compensators are commonly known as "active power filters". These are not active devices and they
are not filters, but compensators, though. Such compensators are very often controlled by algorithms based
on the Instantaneous Reactive Power (IRP) p-g Theory. These algorithms, when developed using the IRP p-q
Theory, in the presence of the supply voltage distortion and asymmetry generate erroneous [53, 55] control signals
for the compensator control.

Control of a compensator with algorithms based on the CPC-base power theory [48, 54] has two advantages.
It enables to control of adaptive hybrid [38, 40] compensators, composed of reactive and switching compensators.
Moreover, it enables [52] for a free selection of a Currents' Physical Component that should be compensated
and to what degree. This feature could be beneficial when compensation resources, i.e., the available power
of the compensator are confined. This is important particularly at compensation of very high power loads, such as,
for example, ac arc furnaces. Compensation of the major part of the unbalanced and reactive currents requires
reactive compensators, because limited switching power of transistors, needed for construction of a switching
compensator, could be not sufficient [73]. Hybrid compensators can be needed for such loads.

8. MAIN FEATURES OF OTHER POWER THEORIES

Budeanu's power theory was developed in 1927 [7] by a professor of Bucharest University, Romania. It is formulated
in the frequency-domain. It was the first attempt of describing power properties of a single-phase load supplied
with nonsinusoidal voltage. It is probably the most disseminated power theory, supported also by IEEE Standard
Dictionary of Electrical and Electronic Terms [42]. Its correctness was challenged in 1987 in the paper [27], where it
was shown that

e There is no physical phenomenon in the circuit associated with the reactive power Q defined by Budeanu.

e There is no relation between the distortion power D defined by Budeanu and mutual distortion

of the load voltage and current.
e There is no relation between the load power factor and the Budeanu’s reactive power Q.

Fryze's power theory was developed in 1931 [9] by a professor of Lwow University, Poland. It was formulated
in the time-domain with averaging over the period of the voltage variability. It introduced the concept
of the active current; decomposition of the load current, rather than power; and separation of the current
components which are mutually orthogonal. It introduced a concept of a reactive current, but without providing any
physical interpretation, other than it is a useless current. It did not contribute to research into compensation.
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Shepherd and Zakikhani's power theory was developed in 1972 by professors of Bradford University, England.
It was formulated [18] in the frequency-domain. It introduced a new definition of the reactive current i.(z).
This definition created, for the first time, fundamentals for calculating capacitance, called optimum capacitance
Copr Which in the presence of voltage harmonics increases the power factor 4 to its maximum value.
Unfortunately, power equation lacked the most important active power quantity, namely the active power P.
Kusters and Moore's power theory was developed [20] in 1980 in the National Research Council (NRC)
of Canada. It was formulated in the time-domain. It solved the problem of calculation of the optimal capacitance C,,,
of a shunt capacitive compensator without any need of measurement of the phase-shift between the load voltage
and current harmonics. It was recommended [21] by the International Electrotechnical Committee (ICE). As
it was shown in [22] the method was valid provided that the supply source is ideal, i.e, its voltage is not affected
by the compensator.

The Instantaneous Reactive Power p-q Theory developed [24] in Tokyo Institute of Technology in 1984 by Nabae,
Akagi and Kanazawa and generalized by Peng and Lai [39]. It was developed in the time-domain without averaging.
In fact, it is a power theory of three-phase circuits and provides fundamentals for switching compensators control,
provided that the supply voltage is sinusoidal and symmetrical, however. It interprets power phenomena in electrical
circuits erroneously [47, 62].

The CPC-based power theory developed by the author of this paper was formulated in the frequency-domain.
Its development was illustrated with the diagram shown in Fig. 2. It is currently the most advanced power theory
of single and three-phase circuit with nonsinusoidal and asymmetrical voltages. It provides explanation for all
physical phenomena that affect the supply current increase at the energy transfer. The CPC-based power theory
provides fundamentals for synthesis of reactive compensators and for control of switching compensators. It can be
used as a starting point for studies on tariffs for energy when it is delivered to customers in the presence of harmonics
and asymmetry. Moreover, it provides a starting point for studies on power properties in circuits with non-periodic
voltages and currents [71].

FBD (Fryze-Buchholtz-Depenbrock) Method developed [34] by Prof. Depenbrock from Bochum University,
Germany in 1993. It is formulated in the time-domain. It generalizes the Fryze's power theory to three-phase
circuits with the apparent power definition according to Buchholtz. It shares all advantages and disadvantages
with the Fryze's power theory.

Conservative Power Theory (CPT) developed [46] by Prof. Tenti and co-workers at Padua University, Italy, in 2003.
It is formulated in the time-domain. Although it follows Fryze's idea of the load current decomposition
into orthogonal components, it has to a large degree [65, 72] features of the Budeanu's power theory. Current
components in the CPT are not associated, apart from the active current, with any physical phenomena in the circuit.
It does not provide theoretical fundamentals for reactive compensators synthesis.
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