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Abstract— The principal and analysis of usage of the generalized non-active power theory for
the parallel compensation of periodic and non-periodic load current disturbances is presented in
the paper. The effectiveness of the generalized non-active power theory to mitigate non-periodic
current disturbances is demonstrated by simulation and laboratory experiments.

1. INTRODUCTION

Today, 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 original Fryze’s theory of the non-active current may be extended using a general averaging
time interval T that can be chosen either one-half fundamental cycle, one full fundamental cycle
T, 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.

If the current i(¢) is the current of an unbalanced load, which may contain, in general, harmonic
and also non-periodic or stochastic components, and the active current i,(t) is the demanded
source current, then i,(t) = i(t) — i,(¢) is the non-active current that should be injected by a
parallel compensator connected to the PCC (Point of Common Coupling).

By choosing T — 0, the GNP (Generalized Non-active Power) theory gives the same results as
those obtained by using the well-known IRP (Instantaneous Reactive Power) theory. If T — oo,
the non-active component in the non-periodic load current is completely eliminated, so the source
current is only active.

A principal and analysis of usage of this GNP 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 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

vV = [Uav Up, ’UC]T i= [iaa iba iC]T (1)
The active current is defined in the GNP theory [1] by
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where vp(t) is the reference voltage vector.
The non-active current is the remaining part of the current vector

in(t) = i(t) —ia(?) (5)
If the current i(¢) is the current of an unbalanced load and the current i,(¢) is the demanded source

current, then i,(¢) is the current that should be injected by a parallel compensator connected to
the PCC.



Progress In Electromagnetics Research Symposium Proceedings 2501

3. ANALYSIS OF GNP THEORY

It was shown [1-3] that the precision of the calculation of the currents i, 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 sinwt (6)
i=Vv21I (1 + Asin Awt)sinwt + V2 I, sinwy,t
:(\/514_ \/iAIsinAwt) sinwt + V2 I, sinwpt = V2 I sinwt + inp +in (7)

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
1q :Yv:\/ifsinwt+i2+imp+iah (8)

where

t
io= @ [—I sin 2w7'] sinwt 9)
Tc 2w T
. . Gp . . G} . .
ianp=V2AI |G psin (AWt—d)DH'T sin[(2w—Aw)t—¢ ] — 53 sin[(2w + Aw)t—¢ ]| sinwt (10)

Gp =singp/ép, ¢p=~Awlc/2 G =singp/eh, ¢ = 2w+ Aw)Tc/2 (11)

G, =sine,y/o,, op= (2w —Aw)Tc/2
. V2r, G; sin (wht — qﬁ;) + G, sin (Wht - fb;:) - G}T sin ((Wh + 2w)t — ‘75;) (12)
fah =9 —G;, sin ((wp, — 2w)t — ¢},)

Gy =sing; /oy, of = (wn+w)Tc/2 G =sing, /¢y, ¢, = (wn —w)Tc/2 (13)

The components i2, tanp, iqn are more or less excluded from the active current component i,
depending on the value of the general averaging time interval T and the frequencies Aw, wy,.

If To = kT/2, k =1, 2, 3, ..., the current component iy is equal to zero. By changing the
value of T we can evaluate how the components 74y, i, are more or less excluded from the active
current component %,.

By using Formulas (12)—(13), we can analyze how the current component with the frequency
wp, which is present in the load current iy, will appear in the active current ¢y, when the GNP
theory is applied. Let us suppose here that the frequency wy is not only an integer multiple of the
fundamental frequency w (harmonic component), but generally any other one, that is subharmonic
(271, 2w49 Hz), harmonic (2rh50Hz, h =1, 2, 3, ...) or interharmonic higher than 2750 Hz.

Figure 1 shows the impact of the value of T on the rate I, /Iy for different frequencies, where
I1q, I, are the respective magnitudes of the current components presented in irq(t), ir(t) (for iz,
given by the first two terms in (12)). We see that all harmonics presented in iz, (f) are completely
suppressed for T being one full fundamental cycle T' or any multiple fundamental cycles. We see
that components of interharmonic frequencies are substantially suppressed as well.

Now, let us continue with the load current component 4, induced by the subharmonic magnitude
modulation. We see that, in addition to the amplitude modulation frequency Aw in iy, (7), two
more components with the frequencies (2w — Aw), (2w + Aw) have appeared in the spectrum of
the magnitude of the current iy, (10) after processing the current i (7) in (2).

By using Formulas (10)—(11), we can analyze how the current component with the magnitude
modulation frequency Aw, which is present in the load current iy, will appear in the active current
irqe when the GNP theory is applied. If Aw <« 2w, what is the usual case, then GE ~Gp—0
(for Tc = mT/2, m =1, 2, 3, ...) and only the first term in (10) with the amplitude Gp will be
significant.

Figure 2 demonstrates how this dominating gain Gp depends on the subharmonic frequency A f
for different values T = 0.02, 0.1, 0.2s. We see that for the frequencies Af = k/T¢, k=1, 2, 3,
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Figure 1: Impact of value of T on rate I, /Iy, for frequencies in range (0, 150 Hz).
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Figure 2: Dominating gain Gp in (14) versus sub-  Figure 3: Time responses of current iy, (14) for
harmonic frequency Af for different values Tc = T, =0.1s, v/2AI = 0.2p.u., and subharmonic fre-
0.02, 0.1, 0.2s. quencies Af =5, 10, and 25 Hz.

... the subharmonic components are nullified and for other frequencies the gain Gp is decreasing
for Af getting higher.

Finally, Figure 3 shows the time responses of the current i, (10) for Tc = 0.1s, V2AI =
0.2p.u., and the subharmonic frequencies Af = 5, 10, and 25 Hz. We see that only for Af =
1/Tc = 1/0.1 = 10Hz the signal i4y,, = 0, while for other frequencies this signal is only partially
suppressed.

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 i, that contains, in addition to the
active current iy, also the reactive current iy, associated with the fundamental harmonic only, the
fundamental harmonic unbalanced current iy ,, the harmonic current iy, and other non-periodic
components specified later.

Table 1: Parameters of the load voltage and current used in simulation.

Variable | Magnitude (p.u.) | Phase
v"}:l =vrp 1 0
if, 1 —/2
i, 0.5 0
irs 0.2 0

Figures 4-5 show the results of the simulation of a model based on (1)-(5) with vip = v},
(vrp is selected as the fundamental positive sequence component), T = 57 = 0.1s. The voltage
vy, contained, additionally to the fundamental positive sequence component VJLrl, also the negative
sequence component v;; = 0.2 p.u., the fifth harmonic (0.06 p.u.), and was modulated by the white
noise signal with the power spectral density 0.0001875 as well. The load current with the parameters
declared in Table 1 was modulated by the subharmonic signal with the magnitude Al = 0.2 p.u.,
and successively, with different frequencies 5, 10, 25 Hz. At the same time, the current contained
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Figure 4: Time responses of voltages vy, (full), vy1,  Figure 5: Comparison of subharmonic modulation
(dotted-this was obtained by using PLL technique)  presented in the active current component i, for
and currents iy, (full), i,, (dotted) in the phase three values 5, 10, 25 Hz of subharmonic frequency,
“a” for three values 5, 10, 25Hz of subharmonic T¢ =57 =0.1s.

frequency, Tc = 5T = 0.1s. Load current ip, is

simulated as highly distorted.

the additional current interharmonics (104, 117, 134, and 147 Hz) specified by [4].

In Figure 4 we see the time responses of the voltages vr,, v, (Obtained by using a PLL
technique) and the currents iz, 44 in the phase “a” for three values 5, 10, 25 Hz of the subharmonic
frequency. We can recognize that the active current i,, is sinusoidal in all three cases in contrast
to the highly distorted original load current 7.

But, depending on the value of the frequency of the signal of a subharmonic modulation, this
subharmonic signal is more or less manifesting itself in the active current component ,,. However,
it can not be recognized in Figure 4 due to the scale selected there. Thus, Figure 5 shows this
phenomenon within the time interval of 1s. As it has been already said, the subharmonic component
is fully nullified only for the frequencies Aw = 27k/Tc, k = 1,2, 3, ... (for Tc = 5T = 0.1s it is just
for the frequency Af = 10Hz). For subharmonic frequencies Aw that do not match this equation,
a general rule says that the lower the frequency is, the higher parasitic subharmonic modulation of
the active current i,, can be expected.

It is evident that if the non-active load current i, = iy — iz, (5) is completely compensated
for by a parallel compensator, only the active load current iy, is exchanges with the source, i.e.,
16 = 1,4.

The choice of the value of T has a great influence on the quality of the compensation of
non-periodic current components. The values of Tc = (5-10) T are high enough to 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 [5]. As for subharmonics, the lower their frequency is, the higher the value
of T should be for a sufficient compensation. The full compensation of the subharmonic with the
frequency Aw needs the averaging time interval T = 27w /Aw which, on the other hand, restricts
the compensation dynamics in case of transient processes [1]. Another thing is that the energy
storage requirement on a power electronics-based compensator is higher for lower Tz. 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 (CCI) working with the sampling
frequency 1600 Hz (due to use of IGCT switching elements). The converter reference current was
ioor = 4L — iLa-

The nominal line-to-line voltage of the grid was 10kVgymg, without any disturbances. The
parameters of the 400kVA load, modeled as the three phase system of current sources, are in
Table 2.

In Figure 6 we see the waveforms of the grid voltage vy, load current iy, and grid current ig
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Table 2: Parameters of non-linear load. Figure 6: Waveforms of grid voltage v, (dotted blue
curve), load current i (dashed green curve), and
grid current ig (full red curve) after compensation
in all three phases. The magnitude of load current iy,
with components declared in Table 2 was modulated
by subharmonic signal with magnitude Al;,=0.21y
and frequency 5 Hz.
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Figure 7: Waveforms of load ¢; and compensating reference phase currents i¢,~; = irir, captured by the
dSPACE™control system and processed in Matlab™ and the respective supposed grid currents ig (right
side: interharmonics of 104, 147 Hz are also included into load current), switching period 150 ps/frequency
is 6.667 kHz.

after compensation in all three phases. The magnitude of the load current i; with components
declared in Table 2 was additionally modulated by the subharmonic signal with the magnitude
Al = 0.2Iy and frequency 5Hz. 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 component i;,, highly unbalanced. But, due to the choice T = 5T, a
part of the subharmonic component with the frequency 5Hz is still present in the grid current in
accordance with the results presented before. This is the reason why the magnitudes of the three
phase grid currents are not exactly the same in the time window shown. The full compensation of
this subharmonic component could be obtained by setting T = 10 T.

We have compared the discussed compensation strategy also through experimentations. Figure 7
shows load i, and compensating reference phase current if.; = ir, —irq (Ic = 5T) captured by
the dSPACE™ control system and processed in Matlab™, and the respective supposed grid currents
1g for two different loads.

5. CONCLUSION

A principal of usage of the generalized non-active power theory for the parallel compensation of
periodic and non-periodic (subharmonic, interharmonic) current disturbances is presented in the
paper.

The impact of the value of T on the rate I, /I, for different frequencies has been studied in
the frequency domain (I, is a residuum of the load current magnitude I remaining in the active
current after applying GNP strategy). It was found that especially the interharmonic current
components above 100 Hz are sufficiently suppressed for T = (5-10) T. As for subharmonics, the
lower their frequency is, the higher the value of T should be used for a sufficient compensation.
On the other hand, the compensation dynamics in case of transient processes is becoming worse
for T¢ increasing.
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The effectiveness of the generalized non-active power theory to mitigate non-periodic current
disturbances is demonstrated on the example of a reactive, unbalanced load current with several
harmonic and interharmonic components, additionally modulated either by the subharmonic com-
ponent or the white noise signal, by the simulations in the time domain and experimentally as
well.
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