The Institution of
Engineering and Technology

IET Smart Grid l

Invited Review

elSSN 2515-2947

Received on 27th October 2018
Revised 15th May 2019
Accepted on 11th June 2019
E-First on 11th July 2019

doi: 10.1049/iet-stg.2018.0244
www.ietdl.org

Survey on time-domain power theories and
their applications for renewable energy
integration in smart-grids

Marcelo Godoy Simdes’ *®, Farnaz Harirchi2, Mohammad Babakmehr?

"Electrical Engineering Department, Colorado School of Mines, Golden, CO, USA
2Department of Electrical Engineering and Computer Science, Clemson University, Clemson, SC, USA
= E-mail: msimoes@mines.edu

Abstract: The increasing aggregation of renewable-based distributed generating units besides the impressive growing usage of
non-linear loads raises unwanted challenges for traditional power terms definition in power engineering. This fact consequently
affected the performance of the conventional control frameworks and industrial compensation techniques. In this study, the
authors aim to provide an insightful summary over the most recognised time domain-based instantaneous power theories and
discuss their advantages and disadvantages within a comprehensive mathematical-conceptual and applicational framework for
professionals who are using instantaneous power theories within the smart grid applications. They conclude that there is still a
need for a modified power theory which can be validated under non-sinusoidal-unbalanced load/source conditions respecting
the physical meaning of different power and current components.

1 Introduction

In the field of power engineering, the power components, such as
active, reactive, are the basic and the most important conceptual
tools for both system and control design. Under sinusoidal
operating conditions, due to the straightforward configuration of a
typical power system, there is no ambiguity in the definition of
these components for a linear single-phase or linear balanced three-
phase system. During the last two decades, microgrid systems
containing a variety of nonlinear loads such as power electronic
converters and speed drives have been enormously integrated into
power systems and started to challenge the traditional power terms
concept and their mathematical definitions [1]. An important
concern regarding this aggregation of microgrids is their output
power oscillations and harmonic injection. The harmonic injection
is an unwanted phenomenon which is enforced to the grid by non-
linear loads; especially switching devices used in power electronic
interfaces. They can considerably reduce the quality of the voltage
and current waveforms and causing interference problems in
communication, power losses in distribution networks, and
operational failures of electronic devices. Power standards (such as
IEEE-519) enforce restrictions on the maximum amount of
harmonic contents that a certain microgrid can inject to the grid at
the point of common coupling (PCC).

On the other hand, three-phase power systems have real-life
imbalances, such different voltage drop along with phases making
the three-phase voltages imbalanced. Load imbalances in addition
to current harmonics will make the system to have additional
voltage distortions, plus neutral current flow, affecting the
performance of reliability of power-flow usually controlled by
droop techniques. Such imbalances might be precursors to more
serious contingencies leading to blackouts, excessive losses,
insulation degradation, and production interruptions. Also, system
imbalance degrades fault location accuracy and state estimation
performance. Therefore, an imbalance must be detected and
compensated. Symmetrical components transformation converts
three phase-measurements into a positive, a negative and a zero
sequence. In balanced circuits, it produces a significant value only
in the positive sequence, because all phases are rotated to be added
in-phase. Monitoring the power system and state estimation
methods are very often based on the positive sequence and assume
that the network is balanced and can be represented by a single-
phase equivalent. Voltage transients and grid voltage unbalanced
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required added functionality and increased the complexity of the
control system, since the performance of conventional control
strategies, very often design for ideal and symmetrical conditions,
will deteriorate under unbalanced conditions.

Active filters were proposed to compensate for the unwanted
parts of voltage and current signals and deal with the associated
power quality issues [2]. These filters are three-phase current
controlled inverters with a large capacitor on their DC link that is
connected in parallel with non-linear loads at PCC. While several
methods have been introduced for active filtering implementation
within different applications [2—4], the vital step in all the active
filtering methods is the reference signal extraction which is done
by using power theories [2], where the goal is to extract a reference
compensating current or voltage component from the distorted
waveform to be used in the final controller design procedure. A lot
of research has been conducted during the last few years to address
the associated challenges regarding VSC systems design for
unbalanced conditions, most of which, are considering the
unbalance to arise from the unbalance load condition. However, the
frontier studies are arising new concerns regarding situations where
the unbalance is originated in the unbalanced voltage source
conditions also widely known as the weak-grid. An example of
such a condition could be the occurrence of the geomagnetic
induced currents caused by the space storms [5]. In this work, we
aim to present a survey over the most famous time-domain power
theories, in addition to a comprehensive discussion over their
applicability under balance, imbalance and weak-grid conditions
within a comprehensive mathematical-conceptual and applicational
framework.

2 Related work and the proposed approach

The state-of-art literature shows a plethora of studies have been
conducted to find a generalised power theory that is applicable
under non-sinusoidal and unbalanced conditions [6—40]. However,
imperfections in each one of them made them criticised by
researchers [41-48]. Among these survey-type articles, some have
been characterised by analysing the power theories from their
physics viewpoint, while others worked through electrical circuits
theory and simulation results. Those example-oriented approaches
were not fully validated due to their dependency on how accurately
each method has been implemented. Recently in [49], the authors
did an informal survey on power theories by reviewing a
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comprehensive body of articles. However, there is no detailed
mathematical overview of their work. It is worth noting that
although power theories have been realised in both time and
frequency domain grounds, due to real-time implementation
capability, most of the reliable and industrial configurations and
control schemes have been implemented using time-domain-based
theories.

Motivated by the lack of a necessity and sufficient survey in
this area, the goal of this paper is to present a comprehensive
conceptual-mathematical introduction over most famous power
theories, with focus on five widely recognised time-domain-based
approaches, which are (i) instantaneous power theory (pg theory),
(i1) Fryze—Buchholz—Depenbrock (FBD) theory, (iii) Synchronous
reference frame (dg0) method, (iv) generalised instantaneous
power theory (GIPT), and (v) conservative power theory (CPT).
Moreover, we discuss a couple of state-of-the-art approaches in
addition to a practical comparative case study between one of them
and the CPT.

Our paper is organised as follows: first, in Section 3, we
introduce different classes of power theories. The most recognised
time-domain power theories are then explained in Section 4 with
details. Section 5 introduces a couple of state-of-the-art approaches
in this field. Section 6 presents a comparative study among both
conventional and frontier approaches, including practical
simulations and examples. Finally, in Section 7, we have
conclusions, relevant in helping the reader, in how to use this paper
for modern and future applications of instantaneous power theories
for signal decomposition in renewable energy integration in smart-
grids.

3 Universe of power theories

Power theories can be categorised into three main classes: (i) time
domain, (ii) frequency domain, and (iii) combined time—frequency
domain (with wavelet or similar transformation). Fig. 1
summarises main power theories along with their corresponding
categories during the last almost 100 years of history.

3.1 Frequency domain

Budeanu in [6] introduced the solution to solve the problem of
defining power components under non-sinusoidal conditions by
using a frequency-domain based approach. In the frequency
domain, the voltage and current signals are expressed as functions
of multiples of the fundamental frequency. Some of the frequency
domain approaches are Fourier series, Fourier transforms and fast
Fourier transform (FFT), which is the most notable method among
frequency domain techniques. FFT can decompose current and
voltage signals into different frequencies. The main problem of
frequency domain approaches is that in the case of many
harmonics, especially when the signal contains inter-harmonics
cannot works properly and produces a large amount of error [49].

3.2 Time domain

After Budeanu's work, Fryze introduced his theory in the time-
domain [7]. In the time-domain approach, voltage and current
signals are expressed as a continuous and instantaneous function.
The advantage of a time-domain approach is the instantaneous
calculation of current and power terms. Of course, the drawback is
not to have the capacity to decompose signals in different
frequencies for harmonic analysis.

3.3 Time—frequency domain

Time—frequency can be used as an appropriate domain to define
power and current terms. On the one hand, incorporating time
representation-based approaches such as multiresolution filter
banks, it can be implemented within a fast manner to calculate the
associated power terms, while on the other hand by using
frequency domain alternatives it can visualise the current signals
with more details in different frequencies. Yoon and Devaney used
time—frequency approach in [28, 29] exploiting the idea of discrete
wavelet transform (DWT) for single-phase system. Although this
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Fig. 1 Plethora of power theories

method works in case of single-phase systems, its expansion to
multiphase systems is still under discussion [36]. Thus, this method
will be used after finding an appropriate time-based approach
because in this domain, the base frame is one of the time-based
approaches [49].

4 Definition of power components under

unbalanced and non-linear conditions

In this section, we explain the most relevant time-domain-based
power theories (widely known as instantaneous power theories)
and discuss their advantages and disadvantages in addition to an
overview on their most notable applications among the literature.

4.1 Instantaneous power theory (p - q theory)

In 1984, the instantaneous power theory was introduced by Akagi.
Nowadays, it is the most well-known and accepted approach by the
power electronics community.

4.1.1 Mathematical analysis formulation: Some authors
consider the p - g theory as a theoretical tool for active filters
control in addition to energy properties’ definitions [50, 51]. The p
- q theory uses Clarke transformation, which transfers three-phase
voltages and currents in a—b—c coordinates to the o—f-0
coordinates (Fig. 2)
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where p is an instantanecous real power that corresponds to the
energy which is transferred from the source to the load and ¢ is the
instantaneous imaginary power and it is responsible for the
existence of currents which circulate between the phases of the
system. Using inverse transformation, real and imaginary current
components in a—f—0 frame are obtained as follows:
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Then power terms (p and ¢) are decomposed to their mean and
oscillating parts as follows:

p=p+p ®)

g=q+q )

where p and p are called the fixed and alternated value of the
instantaneous real power, respectively. Moreover, ¢ and g are the
mean and alternated value of the instantaneous imaginary power,
respectively,

. S Vol | VoD
lap = lgp t g5 = V;Lﬂo V?ﬂo (10)
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B

Fig. 2 Clarke transformation
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Next, by using p, p, ¢q, g and inverse Clarke transformation,
which is shown in Fig. 3, currents in each phase are decomposed to
different components as follows:

1 0
l:"ﬁ 13 inp
inp =\/; 2 2|1 (14)
icf) _l _ﬁ Pp
2 2
1 0
l:aﬁ 2 _l ﬁ iaﬁ
lbﬁ = § 2 2 . (15)
icﬁ _l _ﬁ Pb
2 2
1 0
im? 2 _l ﬁ iaé
| =43 2 2 || (16)
ia-
icq _l _ﬁ pq
2 2
1 0
im] 2 _l ﬁ laz}
il =52 2 L ] (17)
icz} _l _ﬁ (4]
2 2

4.1.2 Instantaneous power theory applications: In [52, 53] a
summary of the basic formulation of the p - ¢ theory is presented
and some examples of non-periodic currents and their
compensation by active filters are discussed. The authors claim that
it is not possible to have perfect compensation at the same time
when the source currents are purely sinusoidal and the power
flowing in the circuit is constant. With the development of the
smart grid, the power quality problems such as voltage and current
harmonic distortion and voltage sag/swell are becoming a big
concern. In [54], the unified power quality conditioner (UPQC) has
been used to improve power quality problems. In the proposed
UPQC, a harmonic comprehensive detection algorithm based on
improved p - ¢ theory is used.

An instantaneous reactive power compensator consists of
switching devices is proposed in [2] which is no practical need to
energy storage components. To compensate for voltage and current
harmonics of the microgrid, a modified p - g theory (which is
suitable for application in control of single-phase active filters and

x(t)
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Fig. 3 Theory-based distortion compensation schematic

UQPC) is used in [55]. The currents flowing from or into the
power system from the coupled photovoltaic system must have no
distortion, so the system must have the function of an active power
filter to compensate any distortions. In [56] the authors applied the
extension of the p - ¢ theory to the coupled photovoltaic system.
Another application of using p - ¢ theory is to design a robust
synchronising PLL circuit, which can maintain the synchronism in
the presence of sub-harmonics, harmonics, and negative-sequence
unbalance [57].

4.1.3 Pros and cons: This theory is based on instantaneous
voltages and currents in three-phase power systems with or without
neutral wire, and it is valid for steady-state or transient. Since the
p—q theory works in the time domain, it is used to design real-time
and fast controllers for active filters. The averaged powers (p and
q) are active and reactive powers and oscillating powers (p and q)
represent the undesirable powers due to harmonic and unbalanced
components in the load current. This theory presents some
interesting features, namely

(1) It can be applied to a three-phase system, balanced/unbalanced,
with/without harmonics.

(i) It is based on instantaneous values and allows an excellent
dynamic response.

(iii) Its calculations are relatively simple.

(iv) Directly separated zero-sequence components because of using
Clarke transformation.

In [41, 42], Willems and Czarnecki have verified that the pg-theory
faces some problems. Some of the main drawbacks of this theory
that are mentioned in the paper are listed here

(1) This theory works just in three-phase systems.

(i1) For ease of calculation, the effect of zero-sequence components
is not considered in the imaginary power.

(iii) It does not properly work for distorted voltages.

(iv) It is not able to decompose the unbalanced and harmonic parts
of currents separately.

4.2 FBD theory

In 1993, and a few years after the initial introduction of the p - ¢
theory, Depenbrock proposed his theory with the name of FBD
(Fryze—Buchholz—Depenbrock) by this reputation that his
definition was an extension of Fryze's and Buchholz's power
theories which were originally proposed in [17].

4.2.1 Mathematical analysis formulation: FBD theorem is based
on the Fryze's current decomposition and Buchholz's instantaneous
and RMS values. Decomposed currents were applied to controllers
for application of active filtering. This method works in a
multiphase power system. The voltages and current vectors are
shown with v and 7, respectively,

Va la
Vb Ip

v=|v.|, i=]|i. (18)
vrl ln

Their instantaneous collective values (vy, iy), are defined as
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where ‘n’ indicates the number of phases. Instantanecous power
calculated from the inner product of voltage and current vectors

p=v-i (20)
where i is the transpose of the current vector. Under periodic

conditions, the collective RMS value of currents and voltages can
be calculated as

Ioe =% [ 2dt, V=L [ @1
rms = T() 1219 ms — T() Vzt
Then collective ‘active’ power is calculated from
1 [T
P=—= / pdt (22)
T 0

Depenbrock decomposed the instantaneous current in each phase
of the system (i) to active (i ;) and non-active (i,;) currents. Active

current contributes to the energy that is transferred from the source
to the load

iak =7V
Vims

(23)
and non-active currents (i) contributes to the amount of energy

that used in the system by disturbances and oscillations but 7, is not
transferred from source to the load

i = iy — i (24)
Moreover, he decomposed i to power currents (i) which is
responsible for the instantaneous power and powerless currents (i)
which is not contributing to the current that is transferred between
source and load and can be easily compensated without energy
storage element in the system

R
lpk— 2 Vi
Vims

(25

b = b — Ipk (26)

Finally, he defined variation currents (i,;) which is responsible for
the oscillation of the instantaneous power current around its
average value

g = ipk — gk = I — izk (27)

Such a definition of power components is valid and is similar to

lots of famous power theories. The orthogonal current
decomposition results that
ik = ok + ink = ok + o + (28)

4.2.2 FBD theory applications: One of the applications of FBD
theory is related to the idea of designing a measurement protocol to
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Fig. 4 Method for current decomposition

develop a traction substation power quality compensator [58]. In
[59-61], a real-time current detection framework based on FBD
method is presented to detect the harmonic, negative-sequent and
zero-sequent currents in the three-phase four-wire system. The
fundamental positive-sequent active and reactive currents,
unsymmetrical current and harmonic current can be detected in
case of voltage distortion and it is an advantage of using the FBD
method. Moreover, the detection method does not need Park and
Clarke transformations. As another novel application for this
theorem, determining the impact of highly efficient lighting
devices such as compact fluorescent lamps (CFLs) and light-
emitting diodes (LEDs) on electric grid power quality is proposed
using FBD-power theory to the currents absorbed by these lighting
devices [62]. In [63], FBD theory has been incorporated for
compensating and controlling for the harmonic and reactive power
currents and direct and indirect current detection methods for the
three-phase power system. An inverter reference current generation
using position sampled FBD method is proposed in [64] for
renewable energy source interfaced three-phase inverters in the
generalised microgrid.

4.2.3 Pros and Cons: There are several concerns with this
theory:

(1) The power terms are not defined as conventional terms such as
active, reactive and apparent. So here we tried to compare his terms
with conventional terms and explained their meanings. He defined
iu as an active current and it is similar in all power theories and i,
is the instantaneous active current and contains active current in
addition to harmonics and unbalanced parts which transferred from
source to load. Powerless current (i) is the instantaneous reactive
current in addition to harmonics and unbalanced parts of current
that exchanged between phases of the system.

(i1) His theory does not work in case of distorted or unbalanced
source voltage because his current terms are proportional to the
source voltage. Thus, if the voltage contains distortion, current
terms contain distortion as well.

(ii1) This theory is not able to decompose current to more detailed
parts such as reactive, unbalanced, harmonics, zero-sequence.

(iv) The FBD method is less computationally intensive than the
conventional p—q theory because it does not require a phase lock
loop and Park's transformation. Moreover, it is independent of grid
voltage fundamental frequency and it can reject the grid voltage
harmonics.

4.3 Synchronous reference frame (d¢0) method

Synchronous reference frame also is widely known as dg
decomposition is a famous instantaneous power theory developed
in 1991 by Bhattacharya et al. in [15].

4.3.1 Mathematical analysis formulation: In this theorem, a
synchronous reference frame approach is used to transform load
currents from the abc frame to an alternative mathematical domain,
namely, dq0 frame

IET Smart Grid, 2019, Vol. 2 Iss. 4, pp. 491-503
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where 6 is the synchronisation angle which is time variant and
represents the angular position of the dq frame and it is detected by
a phase locked loop (PLL). When 6 is calculated by PLL, the phase
current transferred to the dg0 frame by using (29). After that, the
load currents in dg frame pass through a high-pass filter to extract
their oscillating parts representing the harmonic and unbalanced
components of load currents in dg frame. The remaining part of the
current is the fundamental part. Finally, by using (30) which is the
inverse transformation and transfers the currents from the dg0
frame to the abc frame, those components are transferred to the abc
frame.

Fig. 4 shows the block diagram of dg method for current

decomposition, where i,, i, i. are oscillating parts of currents
which contain unbalanced and harmonic parts.

cos(9) —sin(6) @
i, 5 lq
]2 2r . 2r 2.
l‘b = \/; cos(G - ?) —sm(9 - T) 5 l.q (30)
i b
2 . 2r \/E
cos(6’ + T) —sm(9 + T) 5

4.3.2 Synchronous d—q theory applications: Fault diagnosis is
one of the applications of the Synchronous Reference Frame
method that has been introduced in [65, 66]. Voltage mode control
in boost inverters is another application of dg method that is
developed in different work such as [67]. This method is also
widely used to control smart inverters and multifunctional inverters
among the literature [68, 69]. The dg method is mature
transformation which has also been used for many applications
such as modelling and analysing the complex systems considering
the models of passive components, complete passive networks,
synchronous machines, wind turbine systems, photovoltaic
inverters, and others [70], and references therein.

4.3.3 Pros and cons:

(i) This method uses a PLL. In [20, 21] the authors introduced an
instantaneous dq current decomposition method without using
PLL, but it is criticised in [47] not to have proper performance in
the case of distorted currents.

(i1) Although this method can be used in active filtering systems for
compensation purpose, it is not a power theory because it is not
able to define current components according to conventional power
terms.

(iii) It is not able to separate unbalanced and harmonic parts of
currents.

4.4 Generalised instantaneous power theory

In 1996, Peng introduced a GIPT which he claims to work for a
three-phase system in different conditions such as balanced/
unbalanced, sinusoidal/non-sinusoidal, with/without zero-sequence
components.

4.4.1 Mathematical analysis formulation: In the mathematical
formulation of his theory, the instantaneous active power p is
defined as an internal product of voltage and current vectors
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p=v-i=lliyip ic] = Vaig + Vpip + Vele (€20
Ve

Then, the instantaneous reactive power vector is defined as cross-
product of voltage and current vectors

q=vXxi 32)
by using these definitions for active and reactive powers, the

corresponding active and reactive current vectors are defined
accordingly:

i, = %v (33)
. Xv
iy =12 (34)

Then he proves that the three-phase current vector (i) is equal to
the sum of the active and reactive current vectors

.. Xv  v-i VXIi)XV
iytiy= Ly XY VB, X)Xy
vy

vy vy vy
. , . (35)
_ v-tv+[—(v-t)v+(v~v)t] —i
vy vy

4.4.2 GIPT applications: The GIPT is used for harmonic and
reactive power compensation in three-phase power systems in [4].
This theory gives a generalised definition of instantaneous reactive
power, which authors claim that it is valid for sinusoidal/non-
sinusoidal and balanced/unbalanced three-phase power systems
with or without zero-sequence currents/voltages. In [71], Peng's
power theory is used for harmonics compensation to reduce the
size of the DC-link capacitor. This work implemented a DC voltage
regulator for estimating the power loss of the converter and
feedback that losses into the Peng's control strategy.

4.4.3 Pros and cons:

(1) We can see such a theory is also valid in the case of single-phase
systems

p=v-i=Vicos(d) (36)
g =vxi=VIsin(0) (37

where V" and [ are the RMS value of the phase voltage and current
signals and @ is their phase differences.

(i1) The conventional relationship for apparent, active and reactive
powers still holds in this theory:

S=p+q =V-i) +vxig=vii,+i;) =Vi (38)
(iii) Active and reactive current terms are perpendicular to each
other.

ig-i,=0 39)
(iv) The author in [37] claims that this theory works only for three-
phase systems.
(v) It is not possible to decompose current components, especially
the zero-sequence and unbalanced parts of currents.

4.5 Conservative Power Theory

The main problem associated with previously discussed power
theories is that they are not appropriate for unbalanced conditions.
CPT is the last famous and widely recognised instantaneous power
theory proposed by Tenti and Mattavelli [35]; to specifically deal
with the challenges associated with unbalanced conditions. It has
been claimed to be an appropriate alternative for considering non-
linear and unbalanced conditions. Recently, this theory has been
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used in many types of research related to compensation strategies
for microgrid applications.

4.5.1 Mathematical analysis formulation: A major difference
between CPT and most of the traditional approaches is that CPT
defines the power and current terms among stationary frames.
Tentis’ definition of instantaneous active power is similar to other
power theories

M
PO =v-i= Y v (40)
£=1
where (v) and (7) are the voltage and current vectors, respectively,
and k indicates the number of phases of the system. Like
conventional power theories, the average values of p(f) are defined
as active power.

1 [T g
P=p=v-i=—/ y.idt= Y P (41)
T 0 k;1 ¢

He defined a new term which he called it as instantaneous reactive
energy and it is calculated as follows:

M
wt)="-i= Y Wiy (42)
k=1

where v is the unbiased integral of the voltage vector
b= (D) = v/0) 3)

where v/(?) is the time integral of the voltage vector

T
v(t) = / v(r)dr (44)

Moreover, he defines reactive energy as an average value of w(r):

1 [T <
w=w=v~z=70 V-ldl=kZka (45)

Based on the above definitions, the phase currents are decomposed
into three basic current components.
Active phase currents are defined by

. Vi g Py
Ik = == Vk = 5V (46)
Vi Vk

Reactive phase currents are given by

Vi -k Wi
Uk = 73 Yk = 2 Vk (47)
Vi Vk

where v, and V; indicate the RMS value of the phase voltage and
unbiased integral of the voltage reactivity, respectively.
Void phase currents are the remaining current terms

I = U = lak — bk (48)
Which is not an active or reactive current. The active and reactive
phase currents can be decomposed into balanced and unbalanced

terms. The balanced active currents have been defined as

b Vv-i P
lok = —5Vk = V% (49)
v v

The balanced active currents represent the portion of the phase
currents that flow because of a balanced equivalent circuit and is
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responsible for conveying the total active power (P) in the circuit.
The balanced reactive currents have been defined as

b M
ik =~ Vi = SV (50)

and represent the portion of the phase currents that flow in the
system because of the balanced equivalent circuit and is
responsible for conveying the total reactive energy (W) in the
circuit.

The unbalanced active currents are calculated by

it = i — il (51)
and unbalanced reactive currents are calculated as

i = i — i (52)
Thus, the unbalanced three-phase current defined as

i = lak + iy (53)
The current vector can be decomposed as

=P+t (54)

This theory is based on an orthogonal decomposition, so all the

current components are orthogonal to each other and their RMS
value equals to

I=\iP+ P+ i (55)

4.5.2 CPT applications: In [72], CPT is applied to generate the
reference current of multi-functional grid-tied inverter for power
quality improvement. Using CPT, the load current is decomposed
into balanced and unbalanced active, reactive, and voided
components. A cooperative control scheme based on CPT is
proposed in [73], which is sharing imbalances in a three-phase
four-wire system with droop-controller. It has been shown that
using CPT, different components of current and power in
microgrid, including the balanced, unbalanced, and distorted
components can be identified accurately. In [74], a three-phase
battery storage system (BSS) with active filtering function to
compensate power fluctuation from a wind generator (WG) system
is presented and the CPT is used to compute the active output
power of the BSS and the WG system.

A non-intrusive appliance load monitoring (NILM) dataset for
cognitive power meters based on CPT and pattern recognition
techniques are being developed in [75]. This novel dataset is
capable of classifying and disaggregating residential appliances for
the development of smart or cognitive power meters. The
calculated power components from CPT with an appropriate
pattern recognition algorithm and a power signature state machine
provides proper identification for each appliance.

In [76] the authors are described as a strategy to add an active
filtering functionality to a doubly-fed induction generator (DFIG)
wind power system. The active filtering is applied through the
mathematical formulation of CPT, which is applied into the electric
current control loop of the grid side converter. Therefore, by using
the CPT method, the wind power system mitigated harmonic
currents and improved the power quality in electrical power
systems in the presence of non-linear loads. The application of the
current decomposition using CPT for load power-sharing in
distributed energy resources is proposed in [77].

In [78], by using CPT method, an expert system based on
decoupled power/current decomposition and the A-nearest
neighbour pattern recognition method is used to identify the correct
mitigation solution for power quality improvement in three-phase
AC microgrids under non-sinusoidal current and voltage
operations. The results show that the proposed algorithm is robust
and able to select an appropriate compensation solution easily. In
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another work, different current components which are being
defined using the CPT, is used for load analysis and
characterisation [79]. These power and current components can
describe the effect of different load characteristic on the power
factor calculation. In [80] CPT is used to calculate performance
factors for load characterisation and revenue metering where each
component calculates by CPT is related to a specific load non-
ideality (unbalance, reactivity, distortion). These performance
factors are used to characterise the load under different operating
conditions and will consider the effect of non-negligible line
impedances and supply voltage deviation. In [81], a cooperative
control approach based on CPT is proposed for power switching
interfaces and any other electronic power processors in the grid, to
ensure proper network operation even under severely disturbed
conditions.

4.5.3 Pros and Cons: In [46] Czarnecki criticised the CPT from
different conceptual perspectives. Here we mention some of the
drawbacks:

(1) The physical meaning of ‘reactive energy’ is not clear. In [46],
the author shows that the ‘reactive energy does not account for
inductive and capacitive energy stored in the load circuit.’
Therefore, loads without any capability of storing energy could
have reactive energy, and this confirms that the reactive energy
defined in this theory does not have physical meaning and is not
related to the phenomenon of energy storage.

(ii) The reactive current is proportional to the reactive energy.
Since the physical meaning of the reactive energy is unclear, the
physical meaning of the reactive current is also unclear.

(i) Moreover, it is shown in [46] that the voided power (distortion
power) is not related to the distortion of the load current
concerning the supply voltage.

(iv) It does not work in case of the distorted or unbalanced source
voltage. The active and reactive currents in CPT are proportional
with the source voltage, if the source voltage is distorted then
active and reactive currents contain distortion and unbalanced
parts.

5 State-of-the-art

Three relevant papers were published most recently [82—-84]. In
[82] the authors present a new power theory called ‘right-angled
triangle power theory.” They have rejected the Budeanu's power
theory and defined the power components in a two-dimensional
diagram without the need for a standard three-dimensional
coordination system used before in Budeanu's theory. They also
proved the ability to apply the orthogonality law on all power
components in non-sinusoidal systems. In this theory, two new
electrical power terms defined as effective active and effective
reactive power components. By using these two terms, they
approved the orthogonality relationship between fundamental and
distorted components. At the same time, they proved that these
terms are necessary to complete the form of the right-angled power
triangle, which is used to calculate the total apparent power in the
non-sinusoidal systems. They called this power component as the
apparent effective power to avoid the misconception with the old
definitions. Moreover, a new power diagram is proposed to
represent all power components in a unified scheme consists of six
right-angled triangles; termed ‘right-angled triangle diagram.’
Another advanced power theory is proposed in [83], which
expands the application of the p—q theory based on «af0
transformation. This theory is especially designed to control the
instantaneous power in voltage sourced converters operating under
unbalanced conditions with positive, negative, and zero sequence
content. This power theory proposes a new transformation which is
labelled as mno transformation and provides a method to calculate
the instantaneous power on general three-phase transmission
systems and works under unbalanced conditions. The proposed
transformation is based on the creation of the mno three-
dimensional Cartesian reference frame. It is a time-domain base
transformation and adjusts itself instantaneously according to a
normal vector which tracks the instantaneous three-phase measured
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Table 1 Properties of the most famous power theories

Properties pPq FBD dq Peng CPT
Domain time time time time time
Fryze/Budeanu F F F F B
works with non-linear loads v v v v v
works with unbalanced loads v v v v v
works with unbalanced voltage v x v v x
works with distorted voltage X x x v x
unbalanced current decomposition v x x x v
distorted current decomposition v x x x v
instantaneous v v x x
harmonics and unbalanced decomposition x x x x 4
Table 2 Current components compared in power theories

Current components Jole} FBD dq Peng CPT
active ik iak ig x i
reactive kg x i x i,
distorted x x x X [
unbalanced x X x x gk + Irg
harmonics + unbalanced ip + ikg x x

instantaneous active x
instantaneous reactive x
zero sequence x x x

voltage. The method controls both the constant and oscillating
terms of the instantaneous three-phase power. It is applied to
grounded three-wire and four-wire schemes, especially
accommodating zero sequence, unlike previous approaches.

A novel formulation of instantaneous power theory, coined as
an Enhanced Instantaneous Power Theory (EIPT), is proposed in
[84] for unbalanced and non-linear three-phase power systems.
EIPT establishes a proper decomposition of current components for
cases of balanced, unbalanced and distorted voltage sources. It can
independently calculate currents for unbalanced and non-sinusoidal
three-phase power systems, which are valid in case of unbalanced
distorted voltage source like weak grid conditions. This
formulation is a modified version of both Akagi's and Peng's power
theories and can decompose the signal into much more detailed
components (such as balance, homopolar and heteropolar
unbalanced and harmonic for both active and reactive terms for
each phase of the system), so it is more reliable while providing
more flexibility and selectivity in terms of control and monitoring
applications. Moreover, in the proposed EIPT, all current
components are calculated independently, and it works in the case
of unbalanced and distorted voltage source conditions as well.

6 Discussion

In this section, we try to discuss why after researchers make all
efforts along recent years to define a generalised power theory,
there is still no generally accepted approach certified by the power
system society.

6.1 Comparative study on conventional approaches

In [48], Emanuel divided power theories into two main classes. (i)
Fryze class and (ii) Budeanu class. He divided them into these two
classes not because of their different domains (time/frequency) but
because of their different methodologies. Fryze divided power or
current terms just into two main parts, which are active and
reactive terms and then the distortion part is defined as a part of
active or reactive components. This is what the authors did in FBD,
pq, EIPT and Peng's power theory. On the other hand, according to
Budeanu's definition, the power and current terms are divided by
three main terms which are named active, reactive and distortion
terms; this is like what Czarnecki and Tenti suggested in their
definitions [35, 40], respectively.
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Fryze was severely opposed to his definition of power terms
based on Fourier series. The rationale was that by considering the
Gibbs phenomenon at discontinuity points, the minimisation of the
error produced by approximating a given function with Fourier
series would be impossible. In 1961 Usatin [85] criticised
Budeanu's methodology; he showed the lack of physical
interpretation of distortion power and unauthorised summing up of
amplitudes of oscillating components of different harmonics.
Moreover, in [48], the author suggests abolishing using a distortion
power for power term definitions, because distortion power is a
harmonic part of active or reactive powers and if it is defined
separately, it lacks physical meaning. Based on the Physics of
Electrical System, there are two main paths for transferring the
energy: (i) the energy may transfer from source to the load (active
power) or (ii) it is exchanged in and out with sections of the system
(reactive power). As a conclusion to this discussion, it is worth
noting to mention that, to define a valid generalised power theory,
one should consider the following facts:

(i) It is very important that each term has an appropriate physical
meaning.

(ii) It should be able to work under distorted and unbalanced source
voltage as well as distorted and unbalanced load currents.

(iii) It must be able to decompose the unbalanced, distorted, active,
reactive, negative sequence, zero-sequence parts of current in each
phase for different applications such as active filtering.

(iv) It should be able to expand to the multiphase system.

(v) Time-domain approaches are better than the frequency-based
approaches because they are instantaneous and much faster.

(vi) Defining power theories based on Fryze class.

Table 1 summarises the properties of the power theories discussed
in this paper. The reader can use this table to compare them and
validate for the proper use for the appropriate application. Tables 2
and 3 have a comparison of different current and power terms,
respectively, in relevant power theories discussed in this paper
(Fig. 5).

Finally, it is worth noting that, over observations form a
comprehensive review on most of the state-of-the-art in the power
theories applications indicates that, while pg is getting much
interest on the transmission level applications the CPT is the
recognised theory on distribution level applications that are
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Table 3 Power terms in different power theories

Power theory Active power

Reactive power Distortion power

Jole] P Q (imaginary power) —

FBD P non-active power —

dq — — —

Peng P Q (reactive power) —

CPT P Q (reactive energy) D
”””” Transmission ~ Distribution |

@+—

J} @

e e .
i p-q Approach i L & i CPT Approach [
l @" l
E Transmission N Drlwsfrrlbutlon i :

C!buplirilg

Fig. 5 pq is the current trend of time-domain power theories in transmission level applications while CPT plays a major role in the distribution level and

microgrid systems

Table 4 Load parameters

500 Q 1mH 50 Q
100 Q 470 uF 100 pF

300 pH 100 uH 50 Q
Loads From another perspective, this case study is a comparison
ab ! u between Emanuel's two classes power theories, where we chose the
Grid a, 1 R most recent power theories from each category, EIPT from Fryze
b v class and CPT from Budeanu class in the case of distorted voltage
[ /\/ } — R condition. We considered non-linear and unbalanced load
‘ _e, Vb EXE] (parameters of the grid-connected load are mentioned in Table 4),

3 R3
o

L2 R2
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W
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Ground

Fig. 6 Three-phase four-wire system with different types of loads
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Fig. 7 Voltage waveforms of the source in phases a, b and ¢

trending in the microgrid and multifunctional inverter design and
implementation.

6.2 Future trends

As it has been deeply discussed in [86, 87], CPT has demonstrated
the best performance among conventional power theories such as
pq and FBD theories in unbalanced situations. Thus, in this section,
a practical case study is developed that compares the performance
of CPT versus EIPT as a new trend in power theories under weak-
grid conditions.
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which is supplied by distorted and unbalanced voltage sources.
Figs. 6-8 show the phase voltages and the behaviour of the
corresponding load current waveforms in phases a, b and c,
respectively.

Fig. 9 illustrates the active and reactive current components
calculated by the EIPT and CPT formulations, accordingly. As it is
shown, the active and reactive current components extracted by the
CPT are suffering from the distorted and unbalanced voltage parts,
while EIPT-based approach resulted in pure sinusoidal wave-
shapes.

Fig. 10 indicates that the unbalanced and distorted components
are well separated through the EIPT approach and Fig. 11 shows
the total (heteropolar +homopolar) unbalanced, homopolar and
heteropolar current components for the EIPT, respectively.

6.2.1  Application of  EIPT-based  voltage—current
decomposition in an active front end inverter (a power
conditioning example): In this part, we considered a typical AFE
converter and implemented both the EIPT and CPT approaches as
the desired current decomposition module to compensate the
harmonic and unbalanced parts of the grid currents. An unbalanced
and distorted voltage source is considered, with similar behaviour
to the one mentioned in Fig. 7. To this end, the following active
filtering scheme has been designed and modelled in the Simulink/
Matlab software (Fig. 12).

The main purpose is to achieve close to unit power factor in the
grid side in the presence of non-linear unbalanced load/source
condition. As we mentioned before, the proposed EIPT-based
framework, in addition to CPT, is implemented as a current
decomposition method in the control and compensation module.
The PI controller is used in the control unit configuration. Fig. 13
shows the output current of the system at PCC, injected into the
grid, without any compensation.
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Fig. 9 Active and reactive current components in EIPT and CPT

Figs. 14 and 15 illustrate the compensated currents of the grid
with a power conditioning system using EIPT and CPT,
respectively.

As we can see in Figs. 14 and 15, while CPT does not illustrate
a reasonable compensation performance in case of voltage source
distortion conditions, exploiting its enhanced mathematical
formulation the EIPT approach can compensate both the unbalance
and harmonic distortions in case of a weak-grid case study.

7 Conclusion

Aggregation of the new technology of microgrid systems in
addition to increasing usage of non-linear loads in power systems
results in new challenges. These challenges mainly caused by a
variety of uncertain power sources such as renewables, which can
have a dynamic impact on voltage regulation, power flow, and
system losses. Moreover, upward using of non-linear and
unbalanced loads in addition to weak grids, which they do not have
regulated voltage and frequency make the traditional power
theories invalid and useless.

The improvement of power quality under the current quality
approach is very important for distribution systems, and it is well
founded through a transient analysis. That is the basis of
instantaneous power theory, which can be generalised, or
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Fig. 11 Heteropolar and homopolar and total (heteropolar + homopolar)
unbalance current components in EIPT

simplified as the p—q Akagi theory. This theory is valid for three-
phase systems only, and several single-phase p—¢q applications mix
the transient analysis with the steady-state analysis. It is very
typical that in a single-phase system the alpha-axis is associated
with the a-phase and a virtual beta-axis is made-up with time-delay,
or Hilbert transformation, or gyrators that synchronise a 90° phase
shift for a mathematically constructed beta-axis, then the p—q
theory is used. However, all those solutions are not valid during the
transient, which is, in fact, the main concern of current quality.
Another instantaneous power theory called CPT — that brings other
terms to compose the Reactive Energy flow due to reactive energy,
imbalance, and void. This theory can perform as well as the
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generalised p—¢q, for three-phase, single-phase, multi-phase
systems. It has been verified as a powerful alternative technique,
and several applications have been developed in the last few years.
Instantaneous quantities related to Reactive Energy are presented in
the p—¢ (imaginary power, which is not reactive power) and in the
CPT terms. This evaluation is validated for active power filters
(shunt and series), but they are not valid for maintaining the
voltage profile, or reactive support of transmission lines. These
instantaneous theories are especially important in the case of
distribution lines, with mostly resistive (R>>X) behaviour, i.e.
resistance is dominant over reactance.

Various researchers tried to develop a comprehensive power
theory which is applicable for different conditions. This paper
summarised the most famous power theories and compared them
from a mathematical and physical point of view. Moreover, the
reasons that why a comprehensive power theory is still required
were emphasised and the properties that the new theory must
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contain was discussed. The EIPT approach has tremendous
potential for the applicability of instantaneous power theory and
signal decompositions of renewable energy integration for smart-
grid systems, because it allows a future definition of power factor
valid for a general multiphase, it can support as a generalised
theory for a general power factor definition valid for a three-phase
under general conditions (imbalance, zero-sequence, and
distortions), a so-called ‘weak-grid” and it can be formulated with a
hybrid CPT approach for single-phase as well as in three-phase
systems. Finally, a case study was developed to compare the
performance of CPT versus EIPT as a new trend in power theories
under weak-grid conditions.
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