Compensation of Non-Active Current in Power Systems
—Definitions from Compensation Standpoint-
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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.
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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, measure-
ment, and compensation of such non-sinusoidal and non-
periodic current and power [1-11]. Tolbert (co-author of this
paper) and Habetler have compiled a comprehensive technical
survey of the published literature on the topic [12].

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

p(t) = v(b)i(t). @)
Active power P is the time average of the instantaneous power
over one period of the wave p(t). For a polyphase circuit with
M phases, each phase’s instantaneous active power is still ex-
pressed as (1) and instantaneous total active power is the sum
of the active powers of the individual phases:

PO=3 BO=3 V010 @

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 effects/burdens to power
systems and connected/related equipment.
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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 and
yields zero average active power over one period of the wave
p(t). 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 circulates 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(t) because of un-
balanced 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 compo-
nents: one is based on average or rms values and the other is
based on instantaneous value. Some theories are based on av-
erage values and restricted to frequency domain, while some
others 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 minimize power
losses and disturbances by identifying, measuring, and elimi-
nating 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.

I1. COMPENSATION SYSTEM AND DEFINITION
OF NON-ACTIVE POWER

A. Compensation Systems

For a single or polyphase power system, a shunt compen-
sator to minimize the useless power/current can be configured
as in Fig. 1. Assuming that the shunt compensator only con-
sists 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 com-

Prepared by the Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-8038, managed by UT-Battelle, LLC for the U. S. Department of Energy under

contract DE-AC05-000R22725.

The submitted manuscript has been authored by a contractor of the U. S. Government under contract No. DE-AC05-000R22725. Accordingly, the U. S.
Government retains a nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or allow others to do so, for U. S.

Government purposes.


mailto:tolbert@utk.edu

pensator should average zero according to the principle of con-
servation of energy. That is,

Py (t) =P.(t), P.(t) =0, fort— oo (3)

_1a -
P, (t) _fj’t—Te p, (1)dr and X =S, L,orC. (4)

In (4), T¢ is the averaging interval that can be zero, one funda-
mental cycle, one-half cycle, or multiple cycles, depending on
compensation objectives and the passive components’ energy
storage capacity. Equations (3) and (4) must hold true regard-
less 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 [1] as
follows:

ip(t)=\f§(tt))vp(t), (6 =i() - (1), ©)

where

V. (1) = /Tl J’:—Tc V2(7)dr - (6)

ip(t) is the active current and iy(t) is the non-active current. P(t)
is the average active power over the interval [t-Tc, t], which
can be calculated from (4). Vp(t) is the rms value of the volt-
age, vp(t) over the interval [t-T¢, t], which is expressed by (6).
vp(t) is the reference voltage that can be the voltage itself,
vp(t)= v(t), or the fundamental component of v(t), where v(t)=
ve(t)+vh(t) and vp(t)= vi(t), or something else, depending on
compensation objectives.. 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 = [Va, Vb, V', i = [ia in, ic]",
and V2 = [Va, Vb, Vo] [Va, Vb, Vo

is, Ps i, P
S Load
Tic’ Pc
Utility Compensator
Line

Fig. 1. A shunt compensator configuration.
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I11. 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 discusses some deduc-
tions and compensation examples.

A. Sinusoidal Single-Phase Circuits

For a single phase circuit with sinusoidal waveforms, e.g.,
vs=Vssin(at) and i =l sin(ct-a), the active and non-active cur-
rents are consistent with the traditional active and reactive cur-
rents and can be derived from (4), (5) and (6) by the following
steps: (i) choose T¢ to be one or half fundamental cycle,
Tc=21Ww or Tc=TVw; (ii) calculate the average active power, P_
according to (4); (iii) calculate the rms value of the voltage vs,
according to (6); (iv) calculate the active current and non-
active current, i, and i q according to (5). The result is

i, (t) =1 _cosasin(at), i ,(t) ==1 sinacos(at) . (7)

Equation (7) clearly shows the consistence with the traditional
reactive power theory. An algorithm for active compensators
can be easily implemented because the definitions as formu-
lated 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=
i After compensation, the source surrent, is will only contain
the load active current, ip.

B. Non-Sinusoidal Single-Phase Circuits

For a single-phase circuit with non-sinusoidal waveforms,
the active and non-active currents, which can be derived from
(4), (5) and (6) using the steps described in section Ill.A, are
consistent with the traditional Fryze’s active and non-reactive
currents when choosing vp=vs in (5) and (6). For example, if
vs=Vi(t)+vp () =Vgsin(at) +Vgsin(apt+5) and i =l sin(at-a)+
ILnsin(ant+Gy-an) then
Vgl cosa +V 1, cosa, 0

Vi +VZ
Iy sin(a) +Vs, sin(at + 8,)]. ®)

in (t) =

i, (t) ==1 sinacos(at) - I, sina, cos(a,t + 4;)
2
N Vgl cosa -V Vg, ||, cosa,
2 2
VSf +VSh

Sin(adt) +

V21, cosa, =V Vgl cosa
2 2
VSf +VSh

Bin(wt+5,) . (9)

Again, the average power of iq is zero, which satisfies the re-
quirements in (3) for a compensator. However, it is observed
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 compensator injects (compen-
sates) the non-active current expressed in (9). In most cases, it
is desirable that compensation of non-active current results in a
pure sine wave source current. In order to achieve that, one
should choose vp = vg; in (5) and (6). By doing so, one has

i, () = Bu cosa+VSh'WC°S"hE3in(m) , (10)
VSf
i (t) =1 sina cos(at) —Mcos a;, Bin(at)
Sf
+1,sin(wt+ B -a,). (11)

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 addi-
tion, it is noticeable that the active and non-active currents ex-
pressed in (10) and (11) still meet the compensation energy
conservation requirements in (3). This is a very important
property of the definitions given in (4), (5), and (6), which is
also necessary in order to implement compensation in Fig. 1.

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

It is more convenient using simulations to study a load
current with 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
Tc = 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 al-
though the load current, I, is highly distorted and non-
periodic; (2) the calculated load non-active current, ILg, is
highly distorted and out of phase with the source voltage; (3)
the average load power, PLg, generated from the load non-
active current is zero. 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.

D. Three-Phase Circuits

The definitions described in (5) and (6) are valid for a
three-phase system as well regardless of whether the voltage
and current waveforms are sinusoidal or non-sinusoidal, peri-
odic or non-periodic, and balanced or unbalanced. Results are
similar to those in the previous subsections. For polyphase (M-
phase) systems, there is one interesting concept, instantaneous
reactive (or non-active) power and current, which do not exist
in single phase situations. This instantaneous non-active power
theory [2, 3, 10] can be deduced from (5) and (6) as well.
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Fig. 2. Simulation results for non-periodic current compensation.



In (4) and (6), choosing Tc -0 yields the instantaneous non-
active current (power) theory. That is,

i (1) =v22((tt)) V(1) i (D) =it =i, (1), (12)
where

Vo (t) = [Vip s Vopo -+ Vo | i) = [ip, 0+ iy |7 and (23)

Vi (1) = Ve (1) = Vip () + V5o (1) +--- + Vi (1) (14)

Again, the definitions given in (4), (5) and (6) have great
flexibility to meet all compensation objectives. Regardless of
whether the voltage and current are sinusoidal or non-
sinusoidal, balanced or unbalanced, and periodic or non-
periodic, the definitions give means to calculate any non-active
current component that requires compensation. Consider a
three phase four wire system (Fig. 3): Vs = [Vsa, Vsp, VSC]T, iL=
[ia iio ite]”s and ic = [ica icos icd]. If the compensation ob-
jective is to make the source current sinusoidal and balanced,
one can calculate compensation current as follows:

e Separate the voltage into four components: fundamental
positive-sequence, vs.; fundamental negative-sequence,

Vsr.; ZErO Sequence, Vso; and harmonic component, vgy, i.e.,

_ _ T
Vs=Vsts+Vst.+HVsoHVsn, and Vso= 1 (Vsa+Vsp+vse) (L, 1, 1]°.(15)

e Choose Tc=0ne-half or one fundamental cycle and vp= v,
in (4), (5) and (6), i.e.,

T.=T/2,0or T. =T and v, =vg,. (16)

» Calculate the load non-active current, i, as (5) and let
iC:iLQ'

From (4), (5), (6), (15), and (16), it is easy to show that the
compensator consumes zero average power, Pc=0, and satisfies
the requirements in (3). Fig. 4 shows simulation results of a
case in which both the source voltage and load current are dis-
torted and unbalanced and contain zero-sequence. The results
clearly show that: (1) the source current, Isa, Ish, and Isc, be-
comes sinusoidal; (2) the source current becomes balanced as
indicated by zero source neutral current, Isn; and (3) the aver-
age power of the compensator, Pc, equals zero.

Sa

Sh — .
Nonlinear
i, v iLe unbalanced
—— & —— load

Tooo
I¢

Cn

TiCa TiCb TiCc l
Compensator

with limited energy
storage (L and /or C)

Fig. 3. A compensation system for three-phase four-wire system.
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IV. CONCLUSIONS

In this paper, definitions of active and non-active power
and current have been given from the compensation standpoint.
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 (Tc)
and reference voltage.
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