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Abstract. The principle and analysis of usage of the Although some applications of the CPC (Current

generalized non-active power theory for the parallel Physical Components) or FBD (Fryze - Buchholz -
compensation of periodic and non-periodic current disturbances Depenbrock) theories as the theoretical tools for
is presented in the paper. A non-linear unbalanced load generating reference signals for compensating devices
generating periodic as well as non-periodic stochastic currents were reported [6]-[8] as well, the IRP theory and its
connected to an unsymmetrical non-sinusoidal voltage source is modifications still remain prevailing ones for these

considered. purposes. The main reason is that these theories are based
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1. Introduction

The importance of the problems related to the presence

of distorted waveforms in electrical systems has been
pointed out since the early thirties, when two important
electric power theories were formulated by Fryze and
Budeanu in 1927, 1932, respectively.

In 1984, the IRP (Instantaneous Reactive Power)
theory, called also p-gheory, was first published in
English [1], giving a tool to compensate for the whole
reactive power and the fluctuating instantaneous active
power produced by a nonlinear load.

It has been mathematically as well as in some
experiments proofed by many authors that under
asymmetrical voltage system the IRP theory is not able to
produce the sinusoidal currents of the system [2]. Thus,
several modifications, like the vectorial theory [3], d-q
theory [4], or the p-g-theory [5] have been suggested to
improve the IRP theory. The original IRP theory and its
modifications were formulated in the time domain, so they
have been the mostly used theories for proposing
compensation control algorithms of active and hybrid
power filters working in the real time.
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on the time domain approach, what makes their
implementation easier and more straightforward then in
case of the CPC and FBD theories.

The power theories mentioned above have been mostly
discussed, classified and compared in terms of their
capabilities for the compensation of unwanted
instantaneous power components in three-phase
asymmetrical systems with non-sinusoidal, but periodic,
voltages and currents.

Although several different approaches have been
focused on non-periodic (subharmonic, interharmonic)
voltage and current components identification [9]-[15] as
well, the purpose was mainly to model or detect these
disturbance waveforms for estimation of power quality
indices.

But now, the compensation of subharmonic, non-
periodic, and stochastic disturbances in the electric power
systems has emerged as a very serious problem to be
solved. The diversity of the features of these disturbances
makes their compensation quite difficult. The
compensation devices based on power electronics
converters must work in the real time, so the time domain
approach to control algorithms for the compensation of
non-periodic disturbances seems to be promising.

In the Fryze's theory the active povwwas calculated
as the average value ofp = v i over one fundamental
cycle T = 1f. The active current, over this period was
then the replica of the voltage related to the voltage by
the conductanc& = P/V?, whereV? was again calculated
as the average value uf over the same cycle. A serious
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limitation, especially in accordance with problems related
to the compensation of non-periodic and stochastic
disturbances, is that the calculationigfs characterized
by the time delayl.

The original Fryze's theory of the non-active current is
extended in [16] by using a general averaging time
interval T that can be chosen either one-half fundamental
cycle, one full fundamental cycl€, that is the same as
that in Fryze's theory, or multiple fundamental cycles,
depending on the character of the load current,

compensation objectives and the energy storage capacity

of a power electronics-based compensator.

A principal and analysis of usage of this GNP

(Generalized Non-active Power) theory for the parallel
compensation of periodic and non-periodic disturbances is
presented in the paper. A non-linear unbalanced load
generating periodic as well as non-periodic stochastic
currents connected to an unsymmetrical non-sinusoidal
voltage source is considered.

2. Generalized non-active power theory

For the three-phase system, the voltage and current
vectors may be expressed as follows

v =[Va,Vp,ve]"
i =[iasinic]
)

The active current is defined in this generalized non-
active power theory by

(0 = )

F(t)vp (t) =Y(t)ve(t)
)

P(t) :Ti j vI(r)i(r)dr

Ct-Tc

3)

Vi =2 [ e

Ct-Tc

(4)

wherevp (t) is the reference voltage vector.
The non-active current is the remaining part of the
current vector

in(t) =i(t) —ia(t)
(5)

If the currenti(t) is the current of an unbalanced load,
which may contain, in general, harmonic and also non-
periodic or stochastic components, and the curggtjtis
the demanded source current, theft) is the current that

3. Analysisof GNP theory

It was shown [17] that the precision of the calculation
of the currents,, i, by using (2), (5) in unbalanced non-
sinusoidal systems with non-periodic load currents is
sufficient if T¢ is chosen to be 5-10 times that of the
fundamental period. Let us demonstrate some basic
attributes of the GNP theory on an example of the one
phase voltage and current

v=+/2V sinat
(6)
i =V/21 (1+ Asinaat) sirat ++/ 2, simot =
2(\/§| +221 sinAax)sinax ++/ 21, sinot =
=21 sinat +ip, +iy
(M

The current contains three components: the fundamental,
non-periodic  (specifically subharmonic here), and
harmonic one.

By using the concept of the GNP theory (2) - (4), the
respective active current can be expressed as follows

ia =YW =~/21 Sinct +iy +iamp+i an
8)

where the expressions for the components are presented in
the Appendix. If Tc = KT/2, k=1, 2, 3..., the current
component, is equal to zero. By changing the valueTgf
we can evaluate how the componeigts i, are more or
less excluded from the active current compomngras it
has been already said, fog >> T these two components

are almost completely suppressed and we can get the
active current practically in the correct form
ia=+/21 sinat-

After some manipulations, the equation (D3) ifgrin
Appendix can be expressed as

Gh*sin(ant =" )+ G sin(ant -7 -

i an :& —Gh"sir]((cq1 + 2&)):—%+)—
~Gp,” sin( (o — 20} -@,”)
)
where
Gy =sing* g, " = n+w)lc 12
Gy =singg™ Igh ™, = wh—w)lc /2
(10)

We see that, in addition to the presence of the
component with the frequeney,, two more components
with frequencies d+2w), (wn-2w) have appeared in the
spectrum of, after processing the curran(?) in (2).

should be injected by a parallel compensator connected to By using formulas (9)-(10), we can analyze how the

the PCC (Point of Common Coupling).

By choosingTc — 0, the GNP theory gives the same
results as those obtained by using the well known IRP
theory. If Tc — o, the non-active component in the non-
periodic load current is completely eliminated, so the
source current is only active.
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current component with the frequeney,, which is
present in the load curremt, will appear in the active
current i, when the GNP theory is applied. Let us
suppose that the frequenay, is not only an integer
multiple of the fundamental frequency (harmonic
component), but generally any other one, that
subharmonic <21, 2149 Hz>, harmonic (@h50 Hz,h=1,

is
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2, 3,...) or interharmonic higher tham3D Hz. The thing

is that these non-periodic components with frequencies
different from integer multiples of the fundamental
frequencyw and their possible compensation are of great
interest today.

Fig. 1 shows the impact of the valueTef on the rate
/1. for different frequencies, wherg, | are the
respective magnitudes of the current components
presented im 4(t), i, (t) (fori_, given by the first two terms
in (9)). We see that all harmonics presented, (t) are
completely suppressed fag being one full fundamental
cycle T or any multiple fundamental cycles. We see that
components of interharmonic frequencies are substantially
suppressed as well. As for the subharmonic frequencies

we can estimate the degree of the suppression of these

components too. For example, if the magnitude of the load
current fluctuates with the frequency 15 Hz, the current
components of frequencies 35, 65 Hz, in addition to the
component of the fundamental frequency 50 Hz, are
presented in this current. These components remain in the
spectrum of the current,, but their magnitudes are
mitigated, for example, only to 18.7 and 24.4 % (fer=

5T = 0.1s, two greatest side lobes at the green line in Fig.
1) of those presented in the load curignt
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Fig. 2. Impact of value df on rateG," for different

frequencies
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Fig. 3. Impact of value ofc on rateG,, for different

frequencies

Tab. | Parameters of the load voltage and current used in
simulation

Variable Magnitude (p.u.), Phase
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Fig. 1. Impact of value ofc on ratel /I, ; a) for frequencies in
range <0, 700 Hz>; b) zoom of part a)

50

Figs. 2, 3 show similar dependences of the teB@iis
G (10) characterizing the magnitudes of two further
components with frequencies{+2w), (wp-2w) which are
pronounced, according to (9), in the spectrumi gfas
well. It is evident thaG,'=G,;=0 for the frequencies being
integer multiples of the fundamental frequency. Therefore
these two additional components are zero for harmonic
frequencies too.
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We see that, especially for frequencies <0,100 Hz>, the
term G, is dominating overG," due to its denominator
which is greater than that &," in this frequency range. It
needs to be emphasized that the valueGgf G, for
some specific frequencwy, represent the magnitudes of
two additional components in (9) with the frequencies
(wnt2w), (wr-2m), respectively.

Let us demonstrate the use of the GNP strategy
presented above on an example of the three phase
unbalanced non-sinusoidal system with the load current
that contains, in addition to the active currgptalso the
reactive currenti;, associated with the fundamental
harmonic only, the fundamental harmonic unbalanced
currenti q,, and the harmonic current,.

Figs. 4-6 show the results of the simulation of a model
based on (1)-(5) withvip= vi; (vip is selected as the
fundamental positive sequence componéity5T= 0.1s,
and with the parameters of the fundamental positive
sequence componentg,;, i' .1, fundamental negative
sequence componetit;, and the fifth harmonic current
iLsdeclared in Tab. I.

In Fig. 4 we can see how the active curigpin one
phase is separated framwhen the magnitude of the load
currenti_ is modulated by the subharmonic signal with the

RE&PQJ, Vol.1, No.10, April 2012



magnitude4l,=0.2 p.u. and frequency 10 Hz. Due to the
phase shift ®/2 betweenv, and i*; the current

componenti , has the magnitude/EIZ p.u. Becausé@c
=5T= 0.1s is just the cycle period of the subharmonic
frequency 10 Hz, the extracted active current does not

contain any subharmonic component and, of course, any to

harmonic one as well.

26

Fig. 4. Extraction of active current from load currgnt
specified by Tab. | and additionally modulated by the
subharmonic signal with the magnitudie=0.2 p.u. and
frequency 10 Hz

In Fig. 5 we can see the extraction of the active current
iLa (Tc =5T=0.1s) from the load curreitin one phase
when the magnitude of the load curréntspecified in
Tab. 1 is modulated additionally by the white noise signal
with the power spectral density 0.001875 and the
correlation time of the noise 0.002. We see that the load
current imitates fairly a waveform with a non-periodic
stochastic character like that produced for example by an
Electrical Arc Furnace (EAF).

The active current, is harmonic free, balanced and in
phase with the source voltage

2.6

Fig. 5. Extraction of active current from load currgnt
specified by Tab. | and additionally modulated by white
noise signal with power spectral density 0.001875 and
correlation time of noise 0.002

Finally, Fig. 6 presents the results of the extraction of
the active currenti,; when the additional current
interharmonics (104, 117, 134, and 147 Hz) specified by
[18] are superimposed to the components of the load
current characterized by Tab. I. Again, this non-periodic
current i, imitates a current waveform produced, for
example, by the EAF.

2 l

Fig. 6. Extraction of active current from load currgnt
with superimposed interharmonics (104, 117, 134, and
147 Hz) specified by [18]

It is evident that if the non-active load curreént i-

iLa IS completely compensated for by a parallel
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compensator, only the active load currggtis exchanges
with the source, i.6g =i,

The choice of the value dfc has a great influence on
the quality of the compensation of non-periodic current
components. The values &f = (5 — 10T are high enough
compensate sufficiently for especially the
interharmonics with frequencies above 100 Hz. The thing
is that interharmonics can be more troublesome than
harmonics and voltage fluctuations caused by a
combination of interharmonics can cause voltage
fluctuations in addition to waveform distortions, resulting
in light flicker [12]. As for subharmonics, the lower their
frequency is, the higher the value ©f should be for a
sufficient compensation, Fig. 1. The full compensation of
the subharmonic with the frequencyw needs the
averaging time intervalc = 2t/4w which, on the other
hand, restricts the compensation dynamics in case of
transient processes [17]. Another thing is that the energy
storage requirement on a power electronics-based
compensator is higher for low&g. That is why, a proper
balance between a source current quality in steady states
as well as in transients and energy storage requirements
should be ensured for concrete conditions.

4. Parallel active power filter compensation

The three phase power system was simulated in the
Matlab/Simulink™ environment. The parallel APF
(Active Power Filter) was based on the PWM (Pulse
Width Modulated) converter. The converter was modeled
as a 4-level Capacitor Clamped Inverter (CCIl) working
with the sampling frequency 1600 Hz. The converter
reference current wasc, = i.- i a-

The nominal line-to-line voltage of the grid was 10
kVgrums, Without any disturbances. The parameters of the
400 kVA load, modeled as the three phase system of
current sources, are in Tab. Il.

Tab. Il Parameters of non-linear load

Current Value in phase Current vector
component phase shift
i+|_1 |N =23.1 A?MS -mt/2
i>|_1 05|N 0
i|_5 02|N 0
iL7 0.151y 0

In Fig. 7 we see the waveforms of the grid voltage
load currenti,, and grid currents after compensation in
al three phases. The magnitude of the load cuifewith
components declared in Tab. Il was additionally
modulated by the subharmonic signal with the magnitude
A1.=0.2 p.u. and frequency 5 Hz. We see that there is a
phase shift between the grid voltage and the load current
which is not the case for the grid current. Also the
magnitudes of the grid currents in all three phases are
approximately the same, although the load current is, due
to the presence of the negative compongnt highly
unbalanced. But, due to the choite = 5T, a significant
part of the subharmonic component with the frequency 5
Hz is still present in the grid current in accordance with
the results presented in Fig. 1. The full compensation of
this current could be obtained by settifig= 10T.
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Appendix
pp (D3)
The load currenit (7) consists of three components: the i i

fundamental, subharmonic, market here as a non-periodic 1 h€ terms marked by the bracket parenthesis, which

component (because the non-periodic current means herefesult frqm the mteg'rat!on (3), mean the'dlfferences of the

a current whose frequency in not an integer multiple of the €XPressions placed inside between the tinzgslt-Tc.

fundamental frequency), and harmonic one. The _ |N€ COMPONENt$,, iap ian are more or less excluded

calculated active curreft (8) contains then the following ~ ['om the active current componentdepending on the
three CompoNeNts, ianp ian value of the general averaging time interV¥al and the

frequencieglw, wy,.
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