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Abstract—This paper presents a new definition of nonactive cur- If a shunt active filter is used as the compensator, then it must
rent from which the definitions of instantaneous active and non- inject the current components that are the difference between
active power are also derived. The definitions are consistent with the desired source current and the demanded load current. The

the traditional power definitions and valid for single-phase and K here def i d . ts f
polyphase systems, as well as periodic and nonperiodic waveforms, WOTK N€re Gelines active and nonactive currents from a compen-

The definitions are applied to a shunt compensation system. The Sation point of view and, in particular, examines how to apply
paper elaborates on the compensation of three different cases of this definition when nonperiodic load currents are present in the
nonperiodic current: single-phase disturbance, three-phase sub- power system [12], [13].

harmonics, and three-phase stochastic current. Simulation results
give credibility to the applicability of the definition for a diversity

of load currents. According to different compensation cases and Il. DEFINITION OF NON-ACTIVE CURRENT

the goals to be achieved, different averaging time intervals for the  |nstantaneous power is defined as the time rate of energy gen-

compensator are chosen which will determine the compensator's eration, transfer, or utilization. It is a physical quantity and sat-
energy storage requirement and the extent of residual distortion in ! ! ) phy q y

the source current. isfies the principle of conservation of energy. For a single-phase
L . , circuit, it is defined as the instantaneous product of voltage and
Index Terms—Active filter, nonactive power, reactive power, current
shunt compensator.
p(t) = v(t)i(t). &
I. INTRODUCTION For a polyphase circuit witd/ phases, each phase’s instanta-

neous power is still expressed as (1), and instantaneous total

HE WIDESPREAD use of nonlinear loads and power . . L
. ihower is the sum of the active powers of each the individual
electronics converters, such as cycloconverters and line-

commutated three-phase thyristor-based rectifiers, has incred3ed >

the generation of nonsinusoidal and nonperiodic currents and M
voltages in power systems [1], [2]. An arc furnace is an example p(t) = Z pi(t) = Z v; ()3 (t). 2
of a nonlinear load that may draw rapidly changing nonsinu- i=1 i=1

soidal currents. Problems such as voltage flicker and harmonig,_active power can be thought of as the useless power that

penetration associated with arc furnace loads have been repo&ﬁ?’ses increased line current and losses as well as greater gener-

in se_veral papers [3]__[5]' A transm{nt Q|sturbance may also fion requirements for utilities. For a single-phase circuit, non-
considered as one kind of nonperiodic current, e.g., a sud

| load h ! e ive power is the power that circulates back and forth between
arge load current such as starting a motor or a fault. the source and loads and yields zero average active power over

Several papers have dealt with the definition, characteri ie period (or a certain interval) of the waw); therefore
tion, and compensation of nonactive current/power [6]_[1fi]r the single-phase case the nonactive power is based on av-

However, most of the previous efforts have focuse@eniodic o 46 or rms values. For a polyphase circuit, nonactive power

nonsmusmdal currents |nsteadrqinpenodmcurrents. The_dl— is the power that circulates among phases as well as the power
versity of the features of nonperiodic currents makes their COMiat circulates between source and load. The power that circu-
pensation quite difficult, and theoretically, their compensatiqgtes among phases can be formulated on an instantaneous basis,
is very different from that of periodic distorted currents. HOWWhereas the power that circulates between source and load can
ever, in practice, these two cases may be quite similar to e v be formulated on average or rms values.

other [11]. Generally speaking, after compensation, a sinusoi a!30me nonactive power theories are based on average values

source current with a constant rms magnitude is preferred {4 otricted to the frequency domain, while others are formu-

both cases. lated in the time domain on an instantaneous base. No matter
what mathematical means are used, the goal of these theories is
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. . TABLE |
ﬂ; v ﬁ_pL PARAMETERS FORDIFFERENT COMPENSATION OBJECTIVES
. Load
Comp ion Objective vp Tc Resulting Source Current
Single-phase or polyphase reactive v T/2or T | Unity pf and sinusoidal for sinusoidal v,
iC’ Pe current
Single-phase or polyphase reactive
current and harmonic current v T2 or T | Sinusoidal regardless of v, distortion
Etl'lty Compensator lr;s]tan;:::os;sstl;er:ctive power for v Tce—0 Instantaneously unity pf for polyphase system
ine Non-periodic disturbance current vr n(T/2) Reduced amplitude and near sine wave with unity pf
) . . Subharmonic current vr nT Pure sine wave or smoothed sine wave with unity pf
Fig. 1. Shunt compensator configuration. Stochastic non-periodic current v nT Smoothed sine wave with near-unity pf
As a consequence, (neglecting the compensator’'s power loss), "
conservation of energy requires the active power of the compen- 1 9
sator to average zero. In more detail gdett), pr(t), andpc(t) Ve(t) = |7 vp(T)dr. (8)
. g . 3 g VAl pL ) pC d TC .
denote the instantaneous power of the source, load and compen- t—Tc
sator, respectively, and their average values over a time intervalhe technique is to simply have the compensator provide
Tc be given by iq(t_) so the source need only providgt). The average non-
t active power is defined as
1 .
Px(t) = T / po(T)dr where X = S, L, or C. (3) .7
c Q) = / o(r)iy(v)dr
_ q
t=Tc Tc .
Then t-Tc
where Q(t) = Po(t) =0, ast — oo. 9
Ps(t) + Pc(t) = Pr(t) (4)  yp(t) is the reference voltage whose specification depends on

the compensation objectives. For example, this specification can
be the terminal voltage; (t) itself or it may be the fundamental
®) component ob(t) (i.e.,vp(t) = vs(t) wherevs(t) = vs(t) +
vp(t), vy(t) is the fundamental, andg, (¢) is the harmonic com-
In (3), Tc is the averaging interval which may be zero, one-hafionent. The definitions (7) and (8) are valid for single- and
of the voltage’s fundamental cycle, one full fundamental cycl@0lyphase circuits. However, in the case of polyphase circuits,
or multiple cycles, depending on the compensation objectiv@‘oe voltages and currents_are expressed in vector form, which
and the passive components’ energy storage capdgitis the for a three-phase system is
period chosen to average the active power of the load and does v = [Va, vp, V)7,
not cause any time delay on the system response. Equations (3),
(4) and (5) must hold true regardless of whether the system is
single-phase or polyphase and regardless of whether the com-

and

Ps(t) :PL(t), Pc(t) =0ast — oo.

i = [iq, ip, ic]", and
2

v :[U(M Uy, 'Uc] . [Ua, Vb, vC]T

pensation is by passive or active means. Based on these phys- =02 + v} + v
ical and practical limitations, nonactive power/current can be |t was shown in [12] that this new definition has the following
defined and formulated. features:

The definition given in this paper is an extension of Fryze's 1) flexibility to meet many different compensation objec-
idea of nonactive current/power [9]. The instantaneous active iy es:

currenti, (t) and nonactive curren () are 2) valid for nonsinusoidal and nonperiodic systems;
. _ Pr(t) . . . 3) valid for single-phase and polyphase systems.
(1) = VA(t) ve(t), ia(t) =i (t) = ip(?) ©) Taple lillustrates that by choosing a different voltage reference

g]nd time averaging intervals, different source currents will re-
Sult. Because of its flexibility in regards to compensation objec-
?ives, this definition is quite suitable for the mitigation of non-
periodic currents. This will be shown in the next section.

where Py, (¢) is the average load active power over the interv
[t — Tc,t], andVp(t) is the rms value of the reference voltag
v,(t) over the intervalt — T, t]

1
Pr(t) = T / pr(7)dr lll. COMPENSATION OFPERIODIC CURRENTS
c .
t—Tc For compensation of periodic currents with fundamental pe-
1 ! riod 7', using a compensation peridd- that is a multiple of
=7 / v(T)i(r)dr T/2 is enough for complete compensation of the nonactive cur-
© T rent such that the source current has a unity power factor. Thisis
t seen by examining (8) and noting that the average rms value of a
_ kS / o(r)iy(r)dr @) per!o_di_c qua_lntity doelsot_depend onthe t?me averaging intgrval
Tc T¢ ifitis aninteger multiple ofl’/2. Even if the system consists
t—T¢

of harmonics and/or unbalanced components in voltages and/or
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Fig. 3. Simulation results for disturbance type nonperiodic current compensatidp (&) T'/2, (b) Te = 2T.

currents, the system can be completely compensated. Usingwlaeeform. These currents include load subharmonic current
fundamental positive-sequence components of the phase v(fliequency is lower than the voltage fundamental frequency
ages as reference voltages, the source currents will follow tfig), current whose fundamental frequency is not a multiple
reference voltages by choosifg: = nT/2, wheren is an of f;, or current that contains some nonperiodic components.
integer. Unlike in periodic compensation whefg: does not have much

For the example shown in Fig. 2, both the voltageand load influence on the compensation as long as it is a multiple of
currenti;, are unbalanced and have harmonics. After compenda2 period of the voltage fundamental frequency period, here
tion, however, the source curreitis balanced, sinusoidal, andthe choice off¢ is a critical factor as will be shown in the
in phase with the reference voltage. It also shows that the d@Howing sections.
erage power®s(t) = Pr(t) andPc(t) = 0. With the compen-  Theoretically,T- can be chosen arbitrarily in the case of non-
sation, the amplitude and variation of the instantaneous soupsgiodic currents. However, it is desirable for the interval to be
powerps is much smaller than that of the load power. an integer multiple of the line frequency period because of the
desire that the source current be sinusoidal and have the same
frequency as the source voltage. In general, the period of the
line voltage is not the same as the period of a quasiperiodic load

For the purposes of discussion, in this paper nonperiodiarrent, or there is no period in the case of nonperiodic load cur-
currents are those currents without a period or those currergat. Thus, choosing differert- will result in quite different
whose fundamental period differs from that of the voltageource currents and compensator currents. Simulation results of

IV. COMPENSATION OFNON-PERIODIC CURRENTS
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Fig. 4. Subharmonic current compensation. (a) 3-phase load current and voltage waveforms; (b) source currents, compensatiof ats (T = T));
(c) source currents, compensatiort at 100 s (Te = 2.5 T).

the compensation of three different kinds of nonperiodic culead current). Thus, one can substantially decrease the source

rents are given in the following subsections. current with what may be a cost-effective increase in the com-
o pensator energy storage requirements. While these simulations
A. Non-Periodic Disturbance Currents are done for a single-phase case, the same result would be ex-

The duration of a nonperiodic current may be a fraction @ected in three-phase cases.
the line frequency cycle, or it may be several cycles. Outside of ) ) o
this time period, the current may be zero or a pure sine waf. Subharmonic or Quasi-Periodic Currents
Fig. 3 shows the simulation result of a single-phase disturbancélrhe main feature of this group of nonperiodic currents is that
current (pulse of duration that is 1/2 of the voltage period) fdhe currents may have a repetitive period. The currents gener-
two different compensation casek: = 7'/2 [Fig. 3(a)) and ated by power electronics converters may fall into this group.
Tc = 2T (Fig. 3(b)] wherevp = vy for both casesd is the In the simulation shown in Fig. 4, the quasiperiodic current is
phase angle between the source voltage and initiation of the laainposed by adding one subharmonic component (12 Hz) to
current pulse, and in this cage= 30° as shown in Fig. 3. the fundamental current (60 Hz), and the total harmonic distor-
Because the disturbance energy is a fixed value, choosintiam (THD) of the load current is 26.7%. When the fundamental
different time averaging intervdlc results in different average frequencyf; of the source voltage is an odd multiple of the sub-
active powerPy; thus, a different magnitude of source currertharmonic frequency,;, the minimumi for complete com-
and compensator current will result. Larger values/pfre- pensation is 1/2 of the common period of bgthand f;.,;, for
sult in smaller peak values ¢f,|, i.e., a smaller disturbanceexample, iff; = 50 Hz, and f,., = 20 Hz, then the common
seen from the source side. However, the compensator currgetiod is 0.1 s (10 Hz). Whefy is an even multiple of ;..;, the
rating will increase accordingly. Compensator design engineeninimum? for complete compensation is the common period
must weigh the tradeoff between minimizing the source curreoft both f; and f.s.
against the cost of additional energy storage devices (capaciFig. 4 shows the source current with compensation initiating
tance) to accomplish this. att = 100 ms. The subharmonic frequency is 12 Hz and the
The simulations show that by increasifig from7'/2to 27, fundamental is 60 Hz, which is 5 times that of the subharmonic
the source current decreases significantly (from 60—20% of tirequency. Thus, the subharmonic component can be completely
magnitude of the load current) without a significant increase @ompensated by choosifi = 2.57", and the source current is
the compensator current (from 60-90% of the magnitude of thgure sine wave. Choosifig: smaller than 1/2 of the common



XU et al. COMPENSATION-BASED NON-ACTIVE POWER DEFINITION

A AAARA AT
P YW Y
L N _—
SAAMAM A
50 t". \w 4 ‘L, Y \{'l &‘ - w’\
hos 041 0.15 0.2

(b)

i e

et
s e

0.25 0.3

©

Fig. 5. Stochastic current compensation: (a) 3-phase load current and voltage

waveforms; (b) source currents, compensation at 100 ms (T = T);
(c) source currents, compensatiort at 200 ms (T = 10T).
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seen from (3) and (4), d&- goes to infinity, bothP;, andV,,
become constant ang tracks the voltage refereneg. If v, is
chosen as the fundamental component of the source valjage
then the source current will be sinusoidal. Of course, choosing
the time interval to be infinite is not feasible in a practical appli-
cation. However, it may still be possible to find some repetitive
period in the current waveform that has most of the rms content
of the waveform. Choosing that period s may result in an
acceptable source current which is quite close to a sine wave.
In Fig. 5(a), the THD of .., i1y, andir. are 75.7%, 47.5%,
and 52.7%, respectively. Whélig: = T (Fig. 5(b)), the THD of
the source current is 6.9%. All of the harmonics with frequen-
cies that are an integral multiple of the fundamental frequency
are completely eliminated, and harmonics with frequencies that
are not an integral multiple of the fundamental frequency are
also mitigated. Wheff- increases ta07’, the source current is
nearly a sine wave, with a THD of only 0.6%. In this way, the
voltage flicker and harmonic penetration problem [4], [5] asso-
ciated with this nonperiodic current waveform can be mitigated.

V. CONCLUSIONS

This paper presents a new definition of nonactive power/cur-
rent, which is consistent with the conventional definition of
power and applicable to single phase or polyphase, periodic or
nonperiodic, and balanced or unbalanced electrical systems.
Furthermore, by combining the definition and a conventional
shunt active power filter, the application presented in this paper
accomplishes the compensation of a variety of nonperiodic
currents in power systems. Simulation results give credibility
to the applicability of the definition for a diversity of load
currents. According to different compensation cases and the
goals to be achieved, different averaging time intervals for the
compensator are chosen, which determines the compensator’'s
ratings and the extent of residual distortion in the source
current.
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