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Abstract  This paper presents a general definition of nonactive
current/power and the implementation for a shunt
compensation system. This definition is universal for different
loads, such as non-periodic, unbalanced or single phase, and also
flexible in terms of the compensation results. Unity power
factor, pure sinusoidal source current, or zero non-active power
supply from the utility can be achieved according to different
compensation requirements. In addition, the corresponding
current rating and energy storage requirements of the
compensation system are also presented.
Index Terms—active filter, reactive power, non-active power,
shunt compensator, non-periodic current.

Nonlinear

I. INTRODUCTION

loads such as arc furnaces and power
electronics converters continue to be added to the power
power grid at an increasing rate. They draw highly distorted
currents from the utility as well as cause distortion of the
voltages. Most power electronics converters generate
harmonic components whose frequencies are integer
multiples of the system fundamental frequency. However, in
some cases, such as cycloconverters, the line currents may
contain both sub-harmonics (frequency lower than
fundamental frequency) and super-harmonics (frequency
higher than fundamental frequency but not an integer
multiple of it). These waveforms are considered as nonperiodic although mathematically the currents may still have
a periodic waveform. In any event, the period of these
currents is not equal to the period of the fundamental voltage
[1], [2]. An arc furnace is another example of a non-linear
load that generates non-periodic currents because it draws
rapidly changing power from the source and the wave shape
and amplitude are constantly changing. Voltage flicker and
harmonic penetration problems associated with arc furnaces
have been reported in several papers [3]-[5].
A transient disturbance may also be considered as one kind
of non-periodic current from the compensation point of view.
The disturbance may be caused by the sudden addition of a
large load to the system such as starting a motor, a fault, etc.

The definition and compensation of non-sinusoidal and
non-periodic currents and power has been a source of concern
for some time [6]-[11]. However, most of the previous
efforts have focused on the compensation of periodic nonsinusoidal currents instead of non-periodic currents. The
diversity of the features of non-periodic currents makes their
compensation quite difficult, and theoretically, their
compensation is very different than that for periodic distorted
currents. However, from a practical point of view, in both
cases a sine wave with a constant rms magnitude is preferred
for the source current after compensation. Some previous
papers by the authors [11], [12] elaborate a new definition of
non-active power/current.
This definition is applied to a compensation system using a
conventional shunt active filter. This compensator must
inject all of the non-active components that are the difference
between the desired source currents and the required load
currents. Based on this compensation system, several factors
related to the definition itself and the implementation are
discussed. These factors include the averaging interval TC, the
coupling inductance LC, the DC link voltage vdc, and the
capacitance requirement C of the shunt compensator. They
are determined by the characteristics of the load, the rating
limits of the compensator, and the desired compensation
results.
II. DEFINITION OF NON-ACTIVE CURRENT/POWER
Instantaneous active power is defined as the time rate of
energy generation, transfer, or utilization, where M is the
phase number of the system:
M

i =1

i =1

(1)

The nonactive current/power definitions are based on this
definition and an extension of Fryze’s idea of nonactive
current/power [1]. The definitions of instantaneous active
current ip(t) and nonactive current iq(t) are:
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p (t ) = ∑ pi (t ) =∑ vi (t )ii (t ) .
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i p (t ) = VPL2 ((tt)) v p (t )
p

iq (t ) = i (t ) − i p (t )

(2)
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Fig. 1. A shunt compensator configuration.

where PL(t) is the average power of p(t) over the interval
[t-TC, t]:
t

PL (t ) = Tc1

∫ p(τ )dτ ,

(3)

t −Tc

and vp(t) and Vp(t) are the instantaneous and rms values of the
reference voltage:

1
V P (t ) =
TC

∫

t
t −TC

v (τ ) dτ .
2
P

(4)

The definitions are applied to a shunt compensation system
as shown in Fig. 1. The load current il(t) is divided into ip(t)
and iq(t), according to the definitions above. The compensator
provides the compensation current ic(t) = iq(t), so that the
utility need only to provide the source current is(t) = ip(t). Let

PX (t ) =

1
TC

∫

t
t −TC

p X (τ )dτ =

1
TC

∫

t

t −TC

v S (τ )i X (τ )dτ , (5)

where X = S, L or C, so PS(t) and PC(t) are the active power
and the nonactive power, respectively. Then

PS (t ) + PC (t ) = PL (t ) ,

(6)

and

PS (t ) = PL (t ) , PC (t ) = 0 as t → ∞.

(7)

The shunt compensator consists only of passive components
(inductor and/or capacitor) and/or switching devices.
Consequently, no external power source is needed because it
provides non-active power only. Here the compensator’s
power loss is neglected.
In (3) and (4), TC is the averaging interval. Theoretically,
TC can be chosen as any arbitrary value in the case of nonperiodic currents. However, it is desirable for the interval to
be 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 frequency. In general,
the period of the line voltage is not the same as the period of
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the quasi-periodic current ip(t). Thus, different TC will result
in quite different source and compensator currents. TC can be
zero, one fundamental cycle, one-half cycle, or multiple
cycles, depending on the compensation objectives and the
passive components’ energy storage capacity.
It was shown in [12] that this new definition has the
following features: 1) flexible to meet different compensation
objectives; 2) valid for non-sinusoidal and non-periodic
systems; 3) valid for single phase and poly-phase systems.
Table I illustrates that by choosing different voltage reference
and time averaging intervals, different source currents will
result. Because of its flexibility in regards to compensation
objectives, this definition is quite suitable for analyzing the
compensation of non-periodic currents. This will be shown in
Section IV.
TABLE I. PARAMETERS FOR DIFFERENT COMPENSATION OBJECTIVES
Compensation Objective

vP

TC

Resulting Source Current

Single-phase or polyphase
reactive current

v

T/2 or T

Unity pf and sinusoidal for
sinusoidal vs

Single-phase or polyphase
reactive current and
harmonic current

Unity pf and sinusoidal
regardless of vs distortion

vf

T/2 or T

Instantaneous reactive
power for polyphase system

v

TC → 0

Instantaneously unity pf for
polyphase system

Non-periodic disturbance
current

vf

nT

Reduced amplitude and near
sine wave with unity pf

Subharmonic current

vf

nT

Pure sine wave or smoothed
sine wave with unity pf

Stochastic non-periodic
current

vf

nT

Smoothed sine wave with
unity pf

III. SYSTEM IMPLEMENTATION AND CONTROL
This definition is independent of the shunt compensator
system, i.e., the power electronic based compensator could be
a normal inverter or a multilevel inverter; and the control
strategy could be PWM or others. The definition gives the
reference current that the compensator needs to generate,
according to the system voltage, load current, compensation
requirement, and the rating limits of the compensation
system. In this paper, a PWM inverter is used.
As shown in Fig. 2,

Lc

dic
dt

= vc − v s .

(8)

Therefore, (9) is the mathematical representation of the
feedback controller, and the control block diagram is shown
in Fig. 3.

vc* =

sK P + K I
s

(ic* − ic ) + vs .

(9)

The system voltage vS and load current iL are measured and
input to the non-active current calculation block, in which the
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Fig. 2. System Implementation.
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Fig. 3. Block diagram of the controller.

In this case, load current has harmonics and is not balanced
in phase a, b, and c, as shown in Fig. 4. The waveforms to the
left of the dashed lines are source current and neutral current
before compensation, which is actually the same as the load
current. The source current is distorted by harmonics, and the
neutral current is not zero.
For compensation of periodic currents with fundamental
period T, choosing different TC alone does not change the
source current characteristics. With reference to (3) and (4),
the rms value of a periodic quantity does not depend on the
time averaging interval TC if it is an integer multiple of T/2.
So, with TC = T/2, the source current and neutral current
after compensation are shown on the right side of Fig. 4a and
4b. The non-active component in the load current is
completely compensated, and the source current now is
purely sinusoidal, in phase with the system voltage, and
balanced.
B. Three-phase Rectifier Load

reference of the non-active current that the compensator
needs to generate is calculated according to the definition
presented in the previous section. In the control block, the DC
link voltage is regulated and the compensator output voltage
vC is calculated. The PWM pulse signals are then used to
generate the control waveform vC. The connecting inductance
LC between the system and the compensator filters the ripple
in the output current of the compensator and provides the
mechanism to control iC by specifying vC. .
IV. NON-ACTIVE POWER COMPENSATION

A three-phase rectifier is a typical non-linear load. The
phase a current of a diode-based rectifier is shown in Fig. 5a.
Basically, it is a periodic waveform which can be
decomposed into a Fourier’s series as in the previous case.
However, the rectifier current is not continuous, and the
variation of the current with time (di/dt) of the non-active
current is very large (approaching infinity), as shown in Fig.
5c. Therefore, there are special issues in the compensation of
a rectifier load.
In the compensation of harmonic loads in the previous

The compensation system has been simulated using
Simulink/MatLab. The definition is valid for single-phase or
multiphase, sinusoidal or non-sinusoidal, periodic or nonperiodic, balanced or unbalanced system. Four different loads
are simulated, and the results are shown in this section.
(a) Load current phase a iLa.

(a) Source current iS before and after compensation

(b) Source current iS before and after compensation.

(b) Neutral current iN before and after compensation

(c) Compensation current phase a iCa.

Fig. 4. Simulation of harmonics unbalanced current compensation.

Fig. 5. Simulation of rectifier load compensation.
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(a) voltage phase a vSa and load current phase a iLa.

(a) Source current iS (TC = T/2).

(b) Source current iS (TC = T/2).
(b) Source current iS (TC = 2T).
Fig. 7. Simulation of stochastic load compensation.

(c) Source current iS (TC = 2T).

(d) Source current iS (TC = 3T).
Fig. 6. Simulation of single-phase pulse load compensation.

subsection, the amplitude of vC is about the same as vS, and a
DC link voltage vdc having a value equal to the peak value of
vS will be enough to fulfill the compensation task. However,
in rectifier load compensation, the high di/dt demands high
vC, hence vdc must be much greater than vS. In this simulation,
vdc = 2vS, and there are significant overshoots in source
current (see Fig. 5b). These overshoots are due to the high
di/dt and to a relatively small value of vdc. Increasing vdc can
mitigate the overshoot, but also causes higher power rating
and current rating of the compensator, i.e., a more expensive
inverter.
C. Single-phase Pulse Load
If a single-phase load is connected to the three-phase
utility, the single-phase current drawn from the system causes
the unbalance of the system. Non-sinusoidal load current, or
individual high amplitude pulse load current also introduces
high non-active components to the system.
In this case, the load current is a single-phase pulse current,
with a period of 3T (T is the fundamental period of the
voltage). The positive pulse load current (red) occurs every 3
cycles and has a triangular shape as shown in Fig. 6a together
with sinusoidal system voltage vS (blue).
In this case, the averaging interval TC is a critical factor to
the compensation. Figs. 6b, 6c, and 6d show the three-phase
source currents after compensation where TC is T/2, 2T, and
3T, respectively. With the increasing of TC, 1) iS is closer to a
sine wave; 2) the three phases are more balanced; 3) iS is
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always in phase with the voltage; 4) the magnitude of iS is
decreasing. However, by increasing TC, the compensator
current iC is also increasing, and consequently, the
capacitance rating and switching current rating must increase
as well. Depending on the load characteristics, compensator
requirements, and the compensation results desired, a TC can
usually be chosen to meet all the objectives. In this case for
example, TC = 2T has a good source current without too high
of a compensator rating.
D. Stochastic Load
A stochastic load is non-periodic, or theoretically, the
period T is infinity (a period much larger than the
fundamental period of the utility). In the latter case, there are
subharmonics in the load, whose frequencies are not an
integer multiple of the fundamental frequency. The nonactive components in a stochastic load cannot be completely
compensated by choosing TC as T/2 or T, or even several
times T.
In Fig. 7a, the waveforms to the left of the dashed line are
the source currents before compensation (i.e., load currents),
and the right part are the source currents after compensation,
with TC = T/2. There is still significant non-active component
in iS, with variable peak values and non-sinusoidal waveform
shape. In Fig. 7b, iS is closer to a sine wave with less nonactive component. Here a longer TC “smooths” the source
current waveforms. Theoretically, iS could be a pure sine
wave if TC goes to infinity, but in practice, such a TC cannot
be implemented nor is it necessary. If TC is large enough,
increasing TC further will not typically improve the
compensation results significantly. For example, in this case
shown in Fig. 7, the total harmonic distortion (THD) of iS is
4% with TC = T/2, and when TC = T/2, the THD is only
slightly smaller than 4%. So there is no need to increase TC to
a larger value as the small decrease in THD is not worth the
larger cost (higher ratings of the compensator and higher
expenses).
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V. DISCUSSION

D. DC Link Capacitance Rating C

A. Averaging Interval, TC
If there are only harmonics in the load current, as in
Section IV.A, TC does not change the compensation results as
long as it is an integral multiple of T/2, where T is the
fundamental period of the system. Here the non-active
current is completely compensated and a purely sinusoidal,
unity PF source current is achieved.
However, in other cases, such as in parts B, C, and D of
Section IV, TC has significant influence on the compensation
results, and the power and energy storage rating of the
compensator’s components. With longer TC, a better source
current will result, but at the cost of higher power rating for
the switches and capacitance. There is a tradeoff between
better compensation and higher system ratings (i.e., cost). On
the other hand, a longer TC does not necessarily yield a better
source current waveform. For a specific system, there is an
appropriate TC with which the compensation can be achieved.
For example, in part C of Section IV, the pulse load TC
depends on the period of the pulses.
B. Coupling Inductance, LC
The inductance LC between the power system and the
compensator could be the inductance of a step-up transformer
or a coupling reactor. It acts as the filter of the compensation
current iC, which has high ripple content.
If LC is too small, it cannot filter the ripple in the
compensation current iC; and if LC is too large, the timeconstant of the system will be so large that iC cannot track the
reference, which results in inadequate operation of the
compensation system.
LC is inversely proportional to the rms value of load current
when the ripple in the source current is limited to a specific
percentage (e.g. 5%):

Lc = K / I L ,

where K is a constant.

According to the definition in (7), the average power of the
compensator PC(t) over TC is zero. However, the
instantaneous power is not necessarily zero. The compensator
generally has a capacitor for energy storage, and this
capacitor operates in two modes: charge and discharge.
Different capacitance values are required to fulfill different
compensation tasks. The maximum energy stored in the
capacitor is at the time tmax when the capacitor goes from
charge to discharge or vice versa. The minimum energy is
zero at the time tmin when vC =0, so that the maximum stored
energy is

∆E =

dic
dt

= vc − v s .

For a given LC, the change in current with time diC/dt is
determined by the voltage difference between vC and vS, so a
fast current change in iC requires a large vC, which in turn
requires a high voltage for the DC link of the inverter.
Usually it is enough to have the DC link voltage higher than
the peak value of the system voltage, but for some
applications like the rectifier load and the pulse load in
Section IV, the DC link voltage is 3-5 times the system
voltage to mitigate the overshoot of the source current caused
by the non-active current not being able to track the reference
closely enough.
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T

i q dt

(11)

The capacitance required of the compensator is a function
of the stored energy and voltage rating as C = 2∆E/(Vdc)2.
VI. CONCLUSIONS
A new definition of non-active power/current was
presented. It has been applied to a shunt non-active power
compensation system, and the implementation of the system
was simulated. The simulation results of several different
cases indicate that the definition is viable for different
systems including single-phase or poly-phase, sinusoidal or
non-sinusoidal, periodic or non-periodic, balanced or
unbalanced systems. The definition is flexible in that it is
applicable regardless of the configuration or the control
strategies of the compensation system.
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