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Abstract -Many definitions have been formulated to
characterize, detect, and measure active and non-active
current and power for non-sinusoidal and non-periodic
waveforms in electric systems. This paper presents
definitions and compensation of non-active current
from the compensation standpoint and provides guid-
ance on how to determine compensation objectives and
select detection parameters. The proposed definition is
valid to both single and multi-phase power systems.
Clear and easy guidance to determine objectives and
design parameters of compensation systems is provided.

L. INTRODUCTION

Because of the widespread use of nonlinear loads and
electronic power converters, non-sinusoidal and non-
periodic loads and voltage distortion are becoming more
common in today’s electrical systems. Many papers have
dealt with the definition, identification, characterization,
detection, measurement, and compensation of such non-
sinusoidal and non-periodic current and power [1-11].
Tolbert and Habetler have compiled a comprehensive
technical survey of the published literature on the topic
[121.

Instantaneous active power is defined as the time rate
of energy generation, transfer, or utilization. It is a physi-
cal quantity and satisfies the principle of conservation of
energy. For a single-phase circuit, it is defined as the in-
stantaneous product of voltage and current:

p(t)=v()i(?). )

Active power P is the time average of the instantaneous
power over one period of the wave p(#). For a polyphase
circuit with M phases, each phase’s instantaneous active
power is still expressed as (1) and instantaneous total ac-
tive power is the sum of the active powers of the individual
phases:

PO =3 p(t)=>D v,(D)i,(2)- @
i=1 i=1

Non-active power can be thought of as the useless
power that causes increased line current and losses, greater
generation requirements for utilities, and other ef-
fects/burdens to power systems and connected/related
equipment,

For a single phase circuit with inductors, capacitors,
and/or nonlinear elements, non-active power is the power
that circulates back and forth between the source and loads
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and yields zero average active power over one period of
the wave p(?). Therefore, the non-active power for single
phase circuits is based on average or rms values. For a
polyphase circuit, non-active power is the power that circu-
lates back and forth between the sources and loads and the
power that circulates among the phases. The source-load
circulating power yields zero average over one period of
the wave p(?) because of unbalanced storage elements in
the circuit. The phase circulating power contributes no
total instantaneous active power to the circuits because of
balanced storage elements. Therefore, the non-active
power for polyphase circuits includes two components: one
is based on average or rms values and the other is based on
instantaneous value. Some theories are based on average
values and restricted to frequency domain, while some oth-
ers are formulated on time domain and instantaneous base.
No matter what mathematical means are used, the goal of
these theories is to improve the power factor and to mini-
mize power losses and disturbances by identifying, measur-
ing, and eliminating the useless power. This paper presents
definitions of non-active power or non-active current from
the compensation standpoint. Almost all existing non-
active power theories and definitions can be extended and
deduced from the definitions presented.

II. COMPENSATION SYSTEM AND DEFINITION
OF NON-ACTIVE POWER

A. Compensation Systems

For a single or polyphase power system, a shunt com-
pensator to minimize the useless power/current can be con-
figured as in Fig. 1. Assuming that the shunt compensator
only consists of passive (inductor and/or capacitor) and/or
switching devices without any external power source and
neglecting the compensator’s power loss, then the active
power of the compensator should average zero according
to the principle of conservation of energy. That is,

Py (t)=P,(t), P.(t)=0, for t—eo, ?3)

P,(f) =Ti [, px@dramd X=S,LorC. @
c c

In (4), T¢ is the averaging interval which can be zero, one
fundamental cycle, one-half cycle, or multiple cycles, de-
pending on compensation objectives and the passive com-
ponents’ energy storage capacity. Suffixes “S”, “L”, and
“C” represent the source, load, and compensator quantities
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as shown in Fig. 1, respectively. Equations (3) and (4)
must hold true regardless of single-phase or polyphase,
passive compensation or active compensation. Based on
these physical and practical limitations, non-active power
and non-active current can be defined and formulated.

B. Definitions of Non-Active Power and Current

We extend Fryze’s idea of non-active current/power as
follows:

=720 D=0, ). )
where
6)

Valt) = ,/Ti [, vi@ar

i,(2) is the active current and i,(?) is the non-active current.
P(1) is the average active power over the interval [¢-T, ],
which can be calculated from (4). Vp(1) is the rms value of
the voltage, vp(?) over the interval [t-Tc, 7], which is ex-
pressed by (6). ve(?) is the reference voltage depending on
compensation objectives, which can be

1) the terminal voltage itself, i.e., vp(z)= v(2); or

2) the fundamental component of v(?), ie., vp(t)=
VA1) where v(1)= vqt)+v(t) and v/(7) is the funda-
mental and v(?) is the harmonic component, re-
spectively; or

3) something else.

These definitions, (5) and (6) are valid for single- and
poly-phase circuits. However, for poly-phase circuits,
voltages and currents are expressed as a vector, e.g., for a
three-phase system, v = [v,, Vi, Vel", i = [is, ity ic]’» and v’ =
[va, Vb, Vc]'[vm Vbs Vc]T=( va2+ vb2+ ch)-

iS’ pﬁ v iL’ PE
S ' Load
T"c’ Pc
Utility Compensator
Line

Fig. 1. A shunt compensator configuration.

‘I DISCUSSION, DEDUCTION, AND COMPENSATION

Equation (5) provides the basic definitions of active
and non-active current, from which most of the existing
non-active power theories and definitions based on time-
domain can be extended and deduced. The following dis-
cusses some deductions and compensation examples.

A. Sinusoidal Single-Phase Circuits

For a single phase circuit with sinusoidal waveforms,
e.g., vi=Vy sin(af) and i;=I; sin(ax-a), the active and non-
active currents are consistent with the traditional active and
reactive currents and can be derived from (4), (5) and (6)
by the following steps:

(i) choose T¢ to be one or half fundamental cycle,
i.e., Tc=2m/w or T=m/w,

(i) calculate the average load active power, P;, ac-
cording to (4);

(iii) calculate the rms value of the voltage, vs, accord-
ing to (6); and

(iv) calculate the load active current and non-active
current, iz, and iz, according to (5).

The result is
i, (t) =1, cosasin(ax), and i (t) =1, sinacos(ax) .
Q)

Equation (7) clearly shows the consistence with the tradi-
tional reactive power theory. An algorithm for active com-
pensators can be easily implemented because the defini-
tions as formulated in (4), (5) and (6) are all real-time
based. In addition, it is easy to show that the compensator
needs zero average power when it injects the non-active
current because Pc=0 when ic= iy,. Afier compensation,
the source current, i, will only contain the load active cur-
rent, izp.

B. Non-Sinusoidal Single-Phase Circuits

For a single-phase circuit with non-sinusoidal wave-
forms, the active and non-active currents, which can be
derived from (4), (5) and (6) using the steps described in
section III.A, are consistent with the traditional Fryze’s
active and non-reactive currents when choosing vy=~vs in
(5) and (6). For example, if vg= v(®)+vy(t) = Vgrsin(ax) +
Vs sin(ayt+f) and iy = Iy sin(ax-0)+ Iy sin(apt+f;-a3)
then

VeI

i (n=2ty cosa+Vgyl,, cosa, -
ROE

Vg +7s
[st sin(ax) + Vg, sin(@,f + B}

®)

i, (8) =1, sinacos(ax) - I, sine, cos(@,f + B,)

2
. Vgl cosa—Vy Vg1, cosa, '

sin(ax) +
Vg +Vs, @
Vol cosa, =V Vg, cosa
st h2 sz Sh”1f -sin(@,t+ B,) . (9)
Vo +Va
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Again, the average power of iy, is zero, which satisfies the
requirements in (3) for a compensator. However, it is ob-
served from (8) that the active current contains harmonics
because of the voltage distortion, which means that the
source current will not become sinusoidal after the com-
pensator injects (compensates) the non-active current ex-
pressed in (9). In most cases, it is desirable that compensa-
tion of non-active current results in a pure sine wave source
current. In order to achieve that, one should choose vp= vy
in (5) and (6). By doing so, one has

iy, (1) = [1Lf cosar+ 5’%"—"5—“1] sin(ax),  (10)
: .

1 .
i, (t) =~I, sinacos(ex) - Vol cos @, - sin(ax)
s

+1,, sin(@,t+ B, - a,). 1n

Equation (10) shows that the active current is a sine wave,
and (11) shows that the non-active current contains all
harmonic current and fundamental reactive current. After
compensation, the source current will become sinusoidal
and active. In addition, it is noticeable that the active and
non-active currents expressed in (10) and (11) still meet
the compensation energy conservation requirements ex-
pressed in (3). This is a very important property of the
definitions given in (4), (5), and (6), which is also neces-
sary in order to implement compensation in Fig. 1 because
the average active power from the compensator has to be
Zero.

C. Single-Phase Circuits with Non-Sinusoidal and
Non-Periodic Current

It is more convenient using simulations to study a load
current with a non-sinusoidal and non-periodic waveform.
Fig. 2 shows a case study, where the load generates a non-
periodic pulse current. The calculation is based on (4), (5),
and (6) with T¢ = 7/2 (one-half fundamental cycle). The
simulation results clearly demonstrate the following points:
(1) the active load current, ILp, is sinusoidal and in phase
with the voltage although the load current, IL, is highly
distorted and non-periodic; (2) the calculated load non-
active current, ILq, is highly distorted and out of phase

with the source voltage; (3) the average load power, PLq,

generated from the load non-active current approaches zero
as times goes. Therefore, when a compensator is used to
compensate for the load non-active current it will consume
average zero power and maintain the requirement in (3). In
addition, the source current will become sinusoidal and in
phase with the voltage. In Fig. 2, the simulation results
showed fastest response speed with T¢=7/2, and as a result,
the power drawn from the source, ps, is a pulse that is not
friendly to the power system while the required energy
storage and rating of the compensator is kept minimal
(The required energy storage is determined by the average

active power, PLq or PC, that results from the compensation
current or the load non-active current and rating is deter-
mined by the current, ILq or IC in the figure). However,
one can choose a longer averaging interval, e.g., Tc=2T as
shown in Fig. 3, which resulted in a much slower response.
As a result, the power drawn from the source, pg, is a
smoothed constant that is much more friendly to the power
system (a good or model citizen of the grid) while the re-
quired energy storage (PLq or PC) and rating (ILq or IC) of
the compensator is much higher.

D. Three-Phase Circuits

The definitions described in (5) and (6) are valid for a
three-phase system as well regardless of whether the volt-
age and current waveforms are sinusoidal or non-
sinusoidal, periodic or non-periodic, and balanced or un-
balanced. Results are similar to those in the previous sub-
sections. For polyphase (M-phase) systems, there is one
interesting concept, instantaneous reactive (or instantane-
ous non-active) power and current, which do not exist in
single phase situations. The instantaneous reactive power
is the power that circulates among the phases. This instan-
taneous non-active power theory [2, 3, 10] can be deduced
from (5) and (6) as well. In (4) and (6), choosing T¢ —0
yields the instantaneous non-active current (power) theory.
That is,

i, ()= :f,f((?) vp(1), (D) =10 ~1,(0). 12
where

Vp(t) = [vlrsvv’"' Vap ]T’ i(t) = [ilaiz"" iM ]Tv 13)
and

Ve =vp() = V(D +vpp (D +-+Vip(®). (149

The above definitions are identical to Willems’ formulation
[3] when choosing the reference voltage to be the terminal
voltage of the system, i.., v,(t)= v(?). For a three-phase
system, W(t) = [Va, Vi, Vel's i) = [iay ib, i), and v®)}v()
== [Vas Vo Vel [Vas Vi Ve T=( v,,2+ Vet vcz). ‘When choos-
ing v,(2)= v(), the definitions in (12) become

. o~n_ P
i(f)= R w(f), and

. (15)
L()=i)-i (;):MM
’ v(®)- (1)
which are identical to Peng’s formulation [10]. Further

assuming that there are no zero-sequence components in
both voltage and current, the definitions in (15) reduce to
Akagi’s formulation [2] by transforming the three-phase (a,
b, ¢) quantities to two phase (&, ) ones.
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T=2T.

Fig. 3. Simulation results for non-periodic current compensation with
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Fig. 2. Simulation results for non-periodic current compensation with
Te=T/2.




Again, the definitions given in (4), (5) and (6) have
great flexibility to meet all compensation objectives. Re-
gardless of whether the voltage and current are sinusoidal
or non-sinusoidal, balanced or unbalanced, and periodic or
non-periodic, the definitions give a straightforward method
to calculate any non-active current component that requires
compensation. Consider a three phase four wire system
(Fig. 4): vs= [Vsar Vs Vsl iz = [iay izss izc]’> and ic= [ice
ich, ic,_.]r. If the compensation objective is to make the
source current sinusoidal and balanced, one can calculate
compensation current as follows:

e Separate the voltage into four components: fundamen-
tal positive-sequence, vsp; fundamental negative-
sequence, vsy; Zero sequence, Vsp; and harmonic com-
ponent, vg, i.e.,

T
V=V Vg tvsgtvg, and Vs0=% (vsatvsstvse) (1, 1, 17"

©®
e Choose Tc=one-half or one fundamental cycle and vp=
v in (4), (5) and (6), i.e.,

T,=T/20t T, =T,and v, =vg,. amn
e  Calculate the load non-active current, iz,, as (5) and let
From (4), (5), (6), (16), and (17), it is easy to show that the
compensator consumes zero average power, Pc=0, and
satisfies the requirements in (3). Fig. 5 shows simulation
results of a case in which both the source voltage and load
current are distorted and unbalanced and contain zero-
sequence. The results clearly show that: (1) the source
current, I, I;, and I, becomes sinusoidal; (2) the source
current becomes balanced instantaneously as indicated by
zero source neutral current, /,,; and (3) the average power
of the compensator, P,, equals zero. If the system’s termi-
nal phase voltages are balanced and almost sinusoidal, it
would be sufficient just by choosing the phase voltages (or
through a moderate filtering) as the reference voltage, i.c.,
vp= vy in (4), (5), and (6).

IV. CONCLUSION AND DISCUSSION

In this paper, definitions of active and non-active power
and current have been given from the compensation stand-
point. Their definitions are consistent with the traditional
reactive and non-active concept for single phase circuits.
In addition, the instantaneous reactive power theories can
be deduced from the proposed definitions for polyphase
systems. The definitions also have the flexibility that any
compensation objective can be achieved by choosing an
appropriate averaging interval (T¢) and reference voltage.
Table 1 gives some examples of how to choose them for
different compensation objectives. For example, one can
choose different averaging interval (Tc=nT, where n can
be %, 1, 2, ...and so on) for non-periodic or disturbance
currents as indicated in Table 1. To make loads cause less

disturbance and be more friendly to the power system, one
can choose longer averaging intervals, which, however,
requires larger compensator capacity and/or bigger energy
storage components when the load is unbalanced for poly-
phase systems. On the other hand, shorter averaging inter-
vals give faster response and minimize the required VA
and energy storage ratings of compensators, which, how-
ever, results in less friendly and more disturbance to the
power system by the load. Therefore, this cost-versus-
performance issue is a trade off that one has to make when
designing a compensator.

Table 1. Examples Showing Different Compensation Objectives and
Their vp and T¢ Selections

Compensation vp Tc Resulted Source Cur-
Objectives rent
Single-phase vs | T/2 or T | Unity PF and sinusoi-
reactive current dal under sine vs
Single-phase Vs T/2 or T | Unity PF and sinusoi-
reactive & harmonic dal regardless distor-
current tion of vg
Non-periodic & distur- Ve NT Smoothed sine-wave
bance current with unity PF
Instantaneousreactive Vg Tc—0 | Instantaneously unity
power in polyphase PF for polyphase
system
Ete.
i i
N S5 Vsa L
ig, vg Iy
Y Nonlinear
i i unbalanced
'~ — > Vse ILC' load
iEn In
=
TiCa TiCb TiCc l’ Cn

Compensator
with limited energy
storage (L and /or C)

Fig. 4. A compensation system for three-phase four-wire system.
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