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Abstract: The Conservative Power Theory (CPT) is a time—domain theory applicable to any periodic signal in a single— or poly—phase system with or
without a neutral conductor which allows the decomposition of the load distorted currents in components with physical meaning. In this paper, this theory is
used to substantiate the control of a three—phase shunt active power filter. After the presentation of the CPT specific concepts and definitions, their application
for the generation of the reference compensating current in order to achieve the total and partial compensation are taken into account. Based on the conceived
Matlab—Simulink model of the entire active filtering system, the simulation results prove the proper operation of the system and good performance. This
paper is organized as follows. Section 2 introduces the main concepts of the CPT theory. Then, the implementation of the CPT in the control of the SAPF is
approached by modeling in the Matlab—Simulink environment. The simulation results are presented in Section 4. Finally, some conclusions are drawn.
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1. INTRODUCTION

As most of industrial, commercial and home loads have non-linear character, the harmonic distortion level in
power grids has become a serious issue. Negative aspects which could be determined by the high level of
harmonics in the power grid are well known and there were introduced standards and recommendations in
order to limit these harmonic distortions. Among these, the most cited in the literature is IEEE Std. 519 [1], [2].
Therefore, customers need to limit the harmonic current at the supply side by adopting the harmonics filtering
solutions.

The use of shunt active power filters (SAPF) has gained momentum with the new standards imposed on
equipment, in the context of the evolution of technology and the performance of power semiconductors, but
also due to progress in DSP, numerical methods and control algorithms [3]-[7]. A SAPF is able to inject in the
point of common coupling (PCC) with the nonlinear load a proper compensating current, so that different
compensation objectives are achieved (such as harmonic compensation, reactive power compensation, load
unbalance compensation) [8]. Although there are methods in the frequency domain for generating the
prescribed compensation current, the methods in the time domain are most often used. The most common of
these are: the p—q theory based method, the synchronous reference frame (SRF) and the id—ig method [7]-[12].
A less widely used method in the control of SAPF is based on the Conservative Power Theory (CPT). As will be
shown, this allows simple calculation of the active current from the load current, so that the total compensation
goal can be achieved without much calculation.

2. THE CONSERVATIVE POWER THEORY — BASIC DEFINITIONS

The Conservative Power Theory developed by Paolo Tenti refers to the fundamental physical quantities
(voltages, currents, as well as their integrals and derivatives), through which the average and instantaneous
powers are introduced, these being conservative in any electrical network [13]-[15]. There are few
implementations of CPT in SAPF control, with good results [16]-[19].

Starting from a set of real variables x an y, continuous in time and periodic of period T, Tenti defined their internal
product (x o 'y) and the norm IIxll of x(t) as:

T

xoy =[xyt m

0

x| = o = /% [0t = x 2

Using the angular frequency w = 211/T, the derivative and integral operators are defined as follows:
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An important feature of the CPT is the possibility of current decomposition into five components. In single-
phase systems, these parts are named as active current, reactive current, scattered active current, scattered
reactive current, and generated current. The scattered active current, scattered reactive current, and generated
current can be grouped into one part named void current. In three—phase systems, the current has also terms
associated with the balance and unbalance characteristics of an unbalanced load.

For a clear and straightforward implementation of the CPT, the current components are included in block
diagrams in this paper.

Thus, according to the CPT, any current i(t) can be divided into five parts, as follows:

i(0) =i, () +i, () +i, (1) +i, (1) 6)

where: i, — active current; i, — reactive current; is, — scattered active current; i, — scattered reactive current;
ig — generated current.
The sum of the last three terms can be replaced with a single component (void current iy (1)), as follows:

NORIMORNGEING o
Therefore, the current i(t) can be written as:
l(t) = ia (t) + ir (t) + iv (t) (8)

— Active current
The active current i,(t) is responsible to carry the active power from the source to the load. It is generally
calculated as:
. v(1),i(1)
i,(t)= WV@
%
©)
For any given network port, the active current is defined as the minimum current conveying active power P
absorbed from the network at that port. It is given by:

i40:<W””§»: P
ol ol

In the above equation, Ge is the equivalent port conductance. Figure 1 presents the manner how expression
(10) for the active current calculation is implemented.

V(1) =G () (10

Figure 1. Simulink model for the active current (i,) calculation Figure 2. Simulink model for the reactive current (i) calculation
— Reactive current
The reactive current i(t) is responsible to carry reactive energy from a source to a load, or vice-versa.
It is expressed as follows:
v(@),i(t)) _
)= SO0l 5,
ol -

As the reactive current ir is the minimum current conveying reactive power Q absorbed from the network at a
given network port, it can be expressed as:

ir(t):w—’l(f»ﬁ(t): 0 ~=B,v(t) (12)

[7@l [7]

In the above equation, B. is the equivalent port susceptance. Figure 2 illustrates the implementation of
expression (12) for the reactive current calculation.
— Void current
The component of the current named void current (i,(t)) carries neither active power nor reactive energy. It is
the difference between the total current, the active current and reactive current:

i,()=i(t)—i,(t)—i.(t) (13)

Its calculation is presented in Figure 3.

{
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Thus, the reference current at the SAPF output can be
i() 1 t i(1) calculated from the load current (i) according to the
compensation objective. When full compensation is intended,
the whole nonactive component will be compensated,
respectively

i?) i () = i, () — i1 (©), (14)
Figure 3. Simulink model for the void current (i,) calculation ~ Where iia is the active component of the load current.
However, if only the partial compensation of the harmonic

distortion component is desired, the reference current to be compensated is calculated as:

ip(6) = i, (6) — igq(6) — irr (0), (15)
where iy, is the reactive component of the load current.
3. IMPLEMENTATION OF THE ACTIVE FILTERING SYSTEM
The conceived Simulink model for
the reference current calculation =, e

u_abc

bl

based on CPT is shown in Figure 4. It 2 e 4. ’ D
allows either the total compensation ’ F :

or partial compensation. a ure

The Simulink model of the whole e

active filtering system is illustrated in —

Figure 5. The nonlinear load is an &
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. . Figure 4. Structure of the block for reference current calculation based on CPT theory
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voltage. It is multiplied by an unity +
magnitude sinusoidal signal in phase
with the supply voltage, which is
provided by a specific phase-locked
loop (PLL) circuit and thus, the first
component ip, of the reference
compensating current is obtained
[8].The second and main component

of the reference compensating
current is obtained based on the CPT
current decomposition (expression
(14) or (15) (Figure 6).

For the current regulation, the
hysteresis band control has been Figure 5. Simulink model of the whole active filtering system

taken into consideration, taking into account that its main advantages are simple implementation, fast response
and robustness to load variation.
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Figure 6. Block diagram of the control system
4. SIMULATION RESULTS
The waveforms in Figure 7 show the distorted load ‘
currents along with the supply voltages. It can be seen ‘
that there is a distortion power to be compensated (the
harmonic current distortion factor THD is 77.07 %) and a
reactive power too. By using the Conservative Power
Theory, the three components of the load current are
illustrated in Figure 8.
For the case of total compensation of both current
harmonic distortion and reactive power, the waveforms S et N s
in Figure 9 show that the supply currents after R L I e P L e S

0775 078 0.785 079

compensation are almost sinusoidal (THD is 1.94 %) and ‘ et

in phase with the supply voltages, which means that ~ figure . Waveforms of load phasecurrentsand yoltages: phase

unity power factor is obtained. A —inred; phase B —in green; phase C — in black.
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Figure 8. Waveforms of load current components: active current — in red; reactive current — in green; void current — in black
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Figure 9. Waveforms of supply phase currents and voltages Figure 10. Waveforms of supply phase currents and voltages
in the case of total compensation: phase A —in red; phase B—in green; in the case of partial compensation: phase A — in red; phase B — in green;
phase C—in black. phase C —in black.
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When only the current harmonic distortion is compensated, it can be seen that the almost sinusoidal currents
lag behind the supply voltages, as the reactive power is not compensated (Figure 10).

5. CONCLUSIONS

The implementation of the Conservative Power Theory in the control of a shunt active power filter leads to good
results for the investigated nonlinear load. This theory provides the support based on which the current
components are highlighted and the generation of the reference compensating current is accomplished. Thus,
the total compensation of both current harmonic distortion and reactive power can be obtained, but also the
partial compensation of the current harmonic distortion.

The simulation results prove the correct operation of the shunt active filtering system and good performance.
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