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Abstract—This paper proposes a flexible active power filter controller operating selectively to satisfy a set of desired load
performance indices defined at the sour ce side. The definition of such indices, and of the corresponding current references, is based on
the orthogonal instantaneous current decomposition and confor mity factors provided by the Conservative Power Theory. Thisflexible
approach can be applied to single- or three-phase active power filters or other grid-tied converters, as those interfacing distributed
generatorsin smart grids. The current controller is based on a modified hybrid P-type iterative learning controller which has shown
good steady-state and dynamic performances. In order to validate the proposed approach, a three-phase four-wire active power filter
connected to a nonlinear and unbalanced load has been considered. Experimental results have been generated under ideal and non-

ideal voltage sour ces, showing the effectiveness of the proposed flexible compensation scheme, even for weak grid scenarios.

. INTRODUCTION

The research on control techniques for active power filters applitalsimart distribution grids and microgrids under non-

sinusoidal and/or asymmetrical operations, is motivated by the increasingtpgecef power generated from primary energy
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sources interfaced through power electronics converters. Distributecatigmencreases the availability and reliability of the
power delivery, enables an increasgower capacity without infrastructural investments but reduces theestffsf the power
system. As a consequence, the equivalent voltage source seen at thieaRGi€rogrid— or in general of a distribution feeder
tends to deviate from ideality, presenting harmonic content and unbalancach&ntdl voltages.

From a general perspective, active power filters (APFs) compensatirantedidoad current components have been subject
of extensive studies during the last thirty years. The contributiotine tiiterature range from type of filters [1], filter topologies
[2],[3] design of passive and active elements[B}] controller schemes [6]-[8], control strategies [9]-[11], power rileso
applied to active compensation [12]-[L&elective and flexible compensation objectives [15]-[19] and non-idatdge
operation P0],[21], these last two are the focus of this paper. The development of Rrc@&Rroller highly depends on the
adopted power theory, which directly impacts on the control strategy, ddsgn and compensation results. In particular, time-
domain methods such as th@ Theory [13] and the modifiedg-Theory [11] have been the most applied strategies. There are
other options, suchs the iy method [22], and many others that can be found in1@][[L2],[23]. However, p-q andsig
control strategies are sensitive to voltage non-idealities and their results favglt dib be analyzed under disted and
asymmetric voltage conditions [P5],[24].

On the other hand, in a smart grid scenario with pervasive use diutistt generators, the power available from primary side
of renewable distributed generators (DGSs), such as photovoltaic orewardy sources is often lower than the power rating of
their switching power interfaces (SRldue mainly to their intermittent characteristics. This enables the use of tlire @Rér
operating modegroviding ancillary services such as unwanted current compensatioraibhgird scenarioln this contexta
selective compensation strategy should be considered, since it allows tottesigptive compensator components (switches,
inductors, capacitors, etc.) based on a minimum amount of particulambiig effects (harmonics, unbalances and phase-shift)
[16]-[19] or selected harmonics [6] and also to enhance the operdtioe® when operating close to their power/current
ratings, considering that priority is always given to active poweerggion from the DG.

Hence, the main goal of this paper is to use the set of load confdactitys defined in [Z5 as a flexible approach to define
the current references for shunt APFs operating on a weak grid \eidfamced and/or distorted voltages. Such factors are based
on the orthogonal (decoupled) currents decomposition described IBotiwervative Power Theory (CPT) [14]. Thus, the CPT
conformity factors can be defined as load performance indices and agpliefl§,[19].

Furthermore, the proposed control strategy can generate accurate currentesféoereach a desired set of performance
indices at the point of common coupling (PCC) by using propdingoeoefficients. As thge can be adjusted independently,
thanks to the decoupled nature of the CPT decomposition, the refayenerator is very flexible and allows selective reduction

of load disturbing effects, in any percentage, to meet whicheveusr or utility criteria.
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The proposed current reference generator is defined in the timairgodifferently from [16] that proposed a flexible
frequency-domain methodology, by means of recursive discretéeFaransform. As anticipated, differently from the most
traditional schemesthe proposed approach guarantees a good compensation performancandeendistorted and/or
asymmetrical voltage conditions that are of great relevamdtlee smart grid scenaridhis enhancement occurs because the
CPT terms are average power quantities over a line period and theglatezl just to the load undesired characteristic
inherently reducing the impact of non-idealities from the voltagecsout also does not need any kind of reference-frame
transformatior{15],[18] as traditional p-q and d-q methods.

Experimental results are provided to evaluate the steady-state and dyespainse of the proposed compensation scheme

and also to validate the feasibility and flexibility of the proposed approac

Il. BASIC CONCEPTS AND DEFINITIONS ABOUTCPTAND THE LOAD CONFORMITY FACTORS

The Conservative Power Theory (CPT) J[i¢ a time-domain based power theory, valid for single-phase aed-pimase
systems, with three or four-wire circuits, independent from theypofitoltage and current waveforpes required by other
power theorieswhich are more sensitive to voltage distortion and asymmetry [9].

In the following description, lowercase and uppercase variables are, resiyedtistantaneous and RMS values. Boldface
variables refer to vector quantities (collective values) and the subscript “m” indicates phase variables. Such theory is valid for

generic poly-phase circuits under periodic operation.

A Instantaneous orthogonal currents decomposition

The CPT is based on the orthogonal decomposition of instantaneous phasgscwvhich can be split into different
components:
im =8 + 2 + %+ i = 8+ lnam 1)
such that? is the balanced active currei;is the balanced reactive curreiit;is the unbalance currerit; is the void current
andi,, is the non-active current.
The balanced active currents have been determined as the minimuntscogeded to convey total active power={
M_. P,) absorbed at the PCC. They are given by:

(v, i) P
ib = . _. =GP -
fam = iz Um =2 U = 6 @

VU =
where(v, i) represents internal product, which can be calculated by the result fromt theoduct of voltagevj and currentif

vectors through a moving average filtgs| = /v, +v,> + .2 = v is the collective RMS value (Euclidean norm) of the voltages

andG? is the equivalent balanced conductance.



10

11

12

13

14

15

16

17

18

19

20

21

22

"This paper is a postprint of a paper submitted to and accepted for publinatdnPower Electronics and is subject to
Institution of Engineering and Technology Copyright. The cdpgcord is available at IET Digital Library"

Similarly, the balanced reactive currents have been defined as theumirdotrents needed to convey total reactive energy

(w =3x¥_, w,) drainedatthe PCC. They are given by:

im—” Hz-vm—%-ﬁm:B”-ﬁm, 3)
where?,, is the phase voltage integral without average value (named unbiased time JraedBfl is the equivalent balanced
reactivity.
The balanced active and reactive currents always have the same wawftimenphase voltages,{) and the phase voltage
integrals §,,,), respectivelyNote that thé‘balanced” term is related to load symmetry and not to current symmetry.
In a case of balanced load, the PCC only absorbs balanced activeaatidercurrents, otherwise it also drains unbalance
currentswhich have been defined as:

irvh:(Gm_Gb)'Um'l'(Bm_Bb)'ﬁm- (4)

el
|

P
—_m . b _ — . pb —
Gm—v—nzl,G —W and Bm_ ,B =

®)

>

JI=

2

3

such thatG,, andB,, are the phase equivalent conductance and reactivity. Note that if the load ¢ethalenphase equivalent
conductance is equal to the equivalent balanced conductapeed?). Similarly, the reactivity parameters are equa| €
BP).

The void currents are defined as the remaining phase currents.ddhegt convey active power or reactive energy and
represent all the load nonlinearity currents (harmonics). However, they paugr loss and/or electromagnetic interference in
the utility lines.

om = im — 8 — B — % . (6)
All the previous current components are orthogonal to each othes,. thh collective RMS current can be calculated by:
P=r+p*+ 2+ 2=1"+12, . (7)
Accordingly, multiplying the collective RMS current and voltage, the apparergmp@ycan be also split ia:
A2=V%-1?=P24+Q?+N?2+D?, (8)

where P is the active powdD is the reactive powgN is the unbalance power and D is the distortion power.

B. Load conformity factors

By means of the CPT, a set of performance indices can be dediokdracterize different aspects of load operation. They are
based on the orthogonal current/power decomposition and have beesegrap{25].
The general conformity factor is the power factd), (which is affected by reactive current circulation, load unbalance,

current nonlinearities. Unit power factor represents current waveformsrpomal to voltage waveforms (as in case of balanced
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resistive loads).

1= to  _L_P
ep | A 9)
Of course, under sinusoidal and symmetrical (or single-phase) voltageuaetit conditionsAd is equal to the traditional
fundamental displacement factor (e} whereg, is the phase angle between fundamental phase voltage and current. However,
this relation is not correct if the grid voltages and/or currents are distodéat anbalanced.

The reactivity factor {,) has been defined as:

P 0
Jween VPR 10

Ag =

and it reveals the presence of reactive energy in linear inductors and capaciksen fundamentglhase shifting causebly
nonlinear loads (e.qg., thyristor rectifiers). For single- or balatiuee-phase circuits, with sinusoidal supply voltaggs;ould
becalculated ad,=sin(,).

The unbalance factoff) has been defined as:

I* _ N
_\/p2+Q2+N2’ (11)

Ay =
Jlgz + 10?4

which indicates possible unbalances on the load equivalent phase impe@tamchetances and reactivitie§uch factor
results zero only if the load is balanced, independently of voltage syynonetistortion.

In case of sinusoidal and symmetrical supply voltages, the unbalance dactalso be related to the traditional positive,
negative and zero sequence unbalance faatalkg)lated by means of Fortescue’s transformation on the fundamental current
waveforms.

Finally, the distortion factorip) has been defined as:

I, I,

e I, D
O . T A’ (12)
B+ R+ 12+

which reveals the presence of load nonlinearities (distortion curré€aa}idering single-phase or balanced three-phase loads,
supplied by ideal voltages, such conformity factor may be associatém tconhventional current total harmonic distortion
(THDy). 15 = 0 means that the load is linear afg andB,, are constant over time.

Based on the previous definitions, the relationship among the initial glolar plactor and the other factors can be

expressed by:

A:J(1—Ag)-(1—,1,2v)-(1—;1,23), (13)

which allows us to independently assess the influence of eachrmityfdactor on the global power factor. Under ideal
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operation, the reactivity, unbalance and distortion factors are equal tosirem® they express the non-idealities of the power

circuits, whereas theresults unitary, since it expresses the circuit efficiency.

I1l.  PROPOSED FLEXIBLE COMPENSATION STRATEGIES

Following, the proposed current reference generator will be describedllass the overall control scheme adopteddor

three-phase four-wire APF.

A Basic concepts behind selective compensation strategies

Based on the decoupled nature of the CPT current terms, the APF mesitgdghe accurate amount of unwanted load
current to vanish with the related disturbing effect at a port of intéeegt PCC). Then, assuming full compensation of a
particular component, xhe APF should simply inject/absorb the opposite unwanted load phasetsuytr,), as follows:

B = —lem (14)

such that the subscript “X” assumes any of the previous CPT current terni&, i%, i,,, andi,,n,), consequently defining the

selective compensation strategy.

B. Flexible load conformity factors compensation

The flexible conformity factor compensation is based on the idea ohdriie APF to provide the minimum amount of
current/power required to reach, at the PCC, a particular result. At this stageakdtume that the current loop controller has
enough bandwidth to accurately track the current refereneswh can write:

Hf

i = Bm = lym (15)
such that the;,, is the source phase currents correlated to the “X” CPT term. It is possible to rewrite the wanted source phase
currents as a function of the load phase currents and a scaling cogféisiéailowing:
Bn = Kl (16)

wherek, represents the scaling coefficient associaedach CTP current component, corresponding to a specific amount of
unwanted current term x that is tolerated at the PCC. Finally, replacinin ((1%) we found:

it = K" b = bem = G+ (ke = 1) (17)

Note that k, = 1) means no compensation, siri¢g is zero, andk, = 0) means full compensation, sindé, is equal to the

opposite unwanted load currerfsom (16), be collective RMS value of the wanted source currents is:

M
I;S = kx I, = (kx : Ixm)2 . (18)

Thus, considering all possible compensation schemes, the desiredrinfactors at PCC and the scaling coefficients are
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calculated as follows:

B2+ 1:,2 (19

TN
>

b
I

Ay = —;
’ /Igz + 10 (20)

o

Iy = — 21
/1{;2 + 1% 4 [ (21)

1= Ly
O (22)
\/13 + I+ I+ T

As shown in Fig. 1, the desired conformity factors are set by tioeitp resolver block, such as in [18]. It receives the
measured quantities (PCC voltagesyy load, |; and filter, j; currents) and processes the references based on the filter nominal

capacity and desired compensation objective.
e Power factor compensation

From (9) and (19) the collective RMS value of load non-active curfep) &nd wanted non-active currerdf,{) can be

rewritten as follows:

g4 I
Lia=7V1-2 and Lig=55-V1-27 . (23
Then, substituting (23) in (18) we can find the non-active sgaloefficient as a function of load power factor and desired

power factor (power factor reference):

Ao 1-a7 24
ko =2 [T=72 29

From (24) and (17) the flexible non-active current references are generated as:

irfom = tnam " Ueng — 1) . (25)
WhenA* is unitary, the non-active scaling coefficient (24) becomes zerangiie current references equal to the opposite
of non-active currents (25), leading to grid currents free oésingld load disturbing effects.
Note that the conformity factors refer to load characteristics, thus trentwaveforms expected from this case should have

the same waveforms of the PCC voltages.
¢ Reactivity conformity factor compensation

In a similar way, substitutin¢ll0) and(20) in (18) the reactive scaling coefficient is calculated as:
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Xy [1-29°
k, =-<. ) 26
o (26)

It is important to recall that the compensation of the reactivity conforfattgr can be performed for a three-phase system, in
steady-state, without energy storage components such as capacitors os,raagiooposed in [13]. For single-phase systems

the storage element is required.
e Unbalance conformity factor compensation

As before, from(11) and(21) in (18) the unbalance scaling coefficient is:

Vi ,1—1@
ey =N | N 2
MU 123t @)

Also here, when the unbalance conformity factor reference assumessitsatlie £, = 0), the scaling coefficient becomes
zero, generating current references equal to the unbalanced load currents.
To perform this compensation strategy, even in steady-state, ary estergge element is needed, because the unbalance

currents can be split into unbalanced active and reactive currehts [14
¢ Distortion conformity factor compensation

Finally, from(12) and(22) in (18) the distortion scaling coefficient is:

Bo|1-22
k=22, | 7D 28
b= /1_%2 (28)

The effectiveness of this compensation strategy is straightly relatéde ttvandwidth of the current control loop. Its
performance is as good as the current controller capacity to trackdmigionic contents.
As the void currents do not convey active power [14], the DC link pbalance is not affected by distortion compensation in

steady-state.

C. Flexible current reference generator

The ideal goal of an APF is to remove all the unwanted current compohEwvsrtheless, this might require significant
power rating for the power converter and, consequently, hights. ¢osddition, flexibility is of major importance, considering

that desired requirements might change over time, especially to a smaxtagratio.
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Fig. 1. Block diagram of the flexible current reference gatmar
Fig. 1 shows the block diagram of the proposed current refegemezator applied to a current controlled three-phase APF.
Basically, it measures instantaneous voltages and currents and then iteprthed CPT decomposed current terms and
conformity factors. Based on the last three equations (26), (27)2&)dthe scaling coefficients are set and the current

references for the APF are generated as:

ip =i =il (kg= 1)+ it (ky =D+ ipm-p—1) . (29
Equation (29) is the general equation for the disturbing current caai@m and indicates that the balanced active current
(active power) transfer from the APF to the PCC is zero. The balaeaetive, unbalanced and harmonic current compensation
can be controlled by varying the scaling coefficiedisom (29) is also found that the APF can compensate all current

disturbances it, = ky = k, = 0. Thefilter output currentin each phase, can be calculated as:

st = J1pm2 (kg = 1)* + 182 - Uey = 12 + Ly (kp —1)2 . (30)
Thus, the estimated output filter current (maximum capacity of thg siiriuld be:
IF5 = MAX(IFSE 1550, IE20). (31)
Even if it is not addressed in this paper, under saturation condition, thregsazefficient must adapt to deal with the filter
capacity constraints and desired performance. An optimal algorithm naghppiied to select a set of conformity factors for
that condition, as in [1g]L9]. However, even without an optimal priority resolver the psegosystem is applicable, as it will

always track the pre-set desired conformity factor reference, evenaxidaral perturbation.

IV. APFCONTROL LOOP SCHEME

The proposed control is shown in Fig. 2. The 4-ldgv2} inverteris modulated with sine-triangle PWM, and tHB ldg is
modulated with duty cycle equal to 50%, i.e. zero average voltage with résplee center of the DC link. This choice is due to
the fact that the operating condition does not require the exploitation additeonal degree of freedom given by the neutral leg

voltage. To ensure constant voltage at the DC lifj¢)(a proportional-integral based controller has been used as DC link
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voltage regulator. The proportional and integral gains were designed biaskesal phase margicrossover frequency design
method and are shown in Table |. The output of the voltage controlteuliiplied by a normalized PCC voltage£.), to
generate the active current component required to balance the converter losseseapdnots to resistive load synthedi]|
Then, the output of the multiplication is added to the current referdiigesdelivered by the flexible current reference
generator (from Fig. 1)Finally, it leads to the reference of the current control Idgj). (Thus, the APRacs as a high power

factor controlled rectifier during load transient conditions and as an actientoampensator under steady-state.

Source ) Load
B e T
(i1
1 . H
Us s 1y ) » o 1L
o LS 1r o
(%))

Re x :
Current E‘?!’EQ
controller 4

mi

Lr
va - o| P PWM Voltage e e
Cpe controller
APF

Fig. 2 Block diagram of the APF control loop scheme.

Tablel. Parametersof active power filter.

Active power filter
Nominal apparent power = 6,5kVA;
Source lineto-line voltage = 220V (60Hz);
Coupling inductance @) = 1.5mH;
Inductor resistance (R) =0.1Q;
DC link capacitor (Gc) = 4.7mF;
Current sensor gain = 1/35;
AC voltage sensor gain = 1/350;
DC voltage sensor gain = 1/500;
Sampling frequency = 12kHz;

Switching frequency = 12kHz.
Voltage loop Current loop
Kp=1.15; K;=1200;
Kp= 366, K. = 0,8,
K,=30.18. m=3;
N = 200.

Observe that there is no use of any reference-frame transfommatiosynchronization algorithms to generate the filter
current references or to control the APF. The absence of synchronialg@ithms is valid for a certain range of frequency
variation (= 0.5 - 1% of nominal frequency), due to the moving average filteesl is CPT decompositions, tuned at the
fundamental frequency. The absence of a synchronization algoritefieognce transformation in normal operation, improves
the filter performance under non-ideal voltage source.

The three-phase APF has to be able to track harmonic current referdrmere$ore, the proposed current controller inabe

frame must have large bandwidth and high gain at the relevant harmeaqiericies. This can be achieved using resonant
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controllers or repetitive controllers, since a PI controller would not betalgiovide the same gain at high frequencies, while
maintain a stable closed loop. In the implementation of the flexible activeecmaoy an iterative learning control (P-type
ILC) structure has been used [7]. A P-type ILC controller is a diffdormulation of a repetitive controller, with the advantage
of simplifying the design process. The dynamic response of@nstheme is inherently slow, due to the one fundamental
period delay on which the repetitive control action relies. Even if the steady-stiianance is satisfactory, this can degrade
the effectiveness of the compensation during load variations. To anki@ dynamic response, a proportional-integral based
controller is added in parallel to the ILC, as shown in Fign& qualitative description, the Pl regulator compensates for the
fast part of the transients, but cannot guarantee small tracking errsteaniy-state, while the ILC responds slowly but
compensates for the tracking errors left by the PI.

The adopted design procedure follows the one proposed in [7]b#sed on a two steps procedure: 1) the PI regulator is
designed to guarantee stability of the closed loop, neglecting the presetheepatrallel ILC controller and consideringeth
converter as the design plant. 2) The ILC controller is designed consi@aridgsign plant both the converter and the pre-
designed PI regulator. In this way, a stable design of the overall sgatebe achieved. According to 1) the Pl controller is first
desigred neglecting the ILC controller and, for this paper, the design targatsAy° of phase margin and 700Hz of crossover
frequency. k and K in Table | are the proportional and the integral gains resulting thiindesign (before discretization). The
Bode plot is shown in Fig. 4.

If the preliminary design of the PI regulator is straightforward, ead be done in the Laplace domain followed by
discretization, the design of the ILC in Fig.3 requires a more carefigil in Zeta domain. Referring to [7] and to Fig.3, N is
the total number of samples at the fundamental period of the signal in wéialant the repetitive action. L(z) and F(z) have
been called in [[*“learning factor” and “forgetting factor”, and can be generic digital filters. Note that if L(z)=F(z)=1 the ILC
becomes an ideal repetitive controller. The addition of L(z) and F(z) mote degrees of freedom required to ensure stability
of the closed loop system. In this implementation, L(z) is corghdy a gain K and a phase shift m-N. .kchanges the total
gain of the controller, while m-N is a phase gain (a delay of m-N corresporais advance of m). To limit the degrees of
freedom in the design, F(z) has been set as a moving avetage@r two samples, with the goal of reducing the amplitude of
the repetitive peaks. In conclusion, the design of the ILC controller departts choice of m and KThe gain K has been set
to 0.8, and m has been derived by simulation to guarantee that th&st\jiggram of the loop gain (including converter, Pl and
ILC) remains within the unit circle, guaranteeing stability. Note that the dpsigredure is iterative, and the choice of specific
constraints (as F(z) and_Kn this design) not always leads to a stable solution and might reqeiexpioitation of all the

degrees of freedom.
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Fig. 3. Block diagram of thel-ILC current controller.
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Fig. 4. Bode plot of the designed current contrgheagnitude only).

V. EXPERIMENTAL RESULTS

A Setup description

The power circuit applied to the experimental validation is a nonlinear dalameed three-phase four-wire network, as in
Fig. 5. The active filter prototype was based on a three-phase fouollages source converter using insulated gate bipolar
transistors (IGBT - SKM 100GB128D, driven by a SKPC 22/2oth from Semikron). The digital controllers were
implemented in a fixed-point digital signal processor (TMSF2812) ffemas Instruments. Details of the source voltaggs (v

and loads are shown in Table Il. The APF and its control parametensTaile .

i ; PCC i f !
vs B ism a ILin L;’\Lm C-\‘L R.VL
vy *
b AR
Al_lvl‘l (' - —[
R
Lim Rim = £ = Rpm —W—fﬂ“‘—‘
in

L
CDFL

Active Power Filter

RRIJH LRIJH

5

Fig. 5 Nonlinear and unbalanced three-phase four-wireiitirc

Tablell. Parameters of source voltagesand loads.

L oad parameters
RR|_,3=4.42; Lria=15mH;
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Rrip=4.1Q; Lrip=18mH;
Rei=3.7Q; Lric=30mH.
Lnea=1mH; Lupw=1mH; Lyc=1mH;
Ry =42Q; Cy=2.35mF.

Sinusoidal three-phase sour ce (60Hz)
Vs=127/0%; Va=127£-120V; Vs=127£120V;
Lim=0.5mH; R=0.05Q.

Distorted and asymmetrical thr ee-phase sour ce (60Hz)
Vs=122/0° + 3.7£3:0° + 3.7£5-0° + 1.8/7-0°V,
Ve=127/-120° + 3.8/3-(-120°) + 3.85-(-120°) + 1.97-(-120°)V,
Vs=115/120° + 3.4/3-(120°) + 3.45-(120°) + 1.Z7-(120°)V.

B. Operation under sinusoidal voltage source

In order to evaluate the proposed flexible strategies and the designegk\aithcurrent controllers, the system of Fig. 5 has
been implemented and tested under sinusoidal voltage source. Theaiesd#picted in Fig. 6.

Fig. 6.a. shows the instantaneous three-phase PCC voltages and laadsgcuincluding neutral wire current, without
compensation geky=ko=1). Note that the PCC voltages are slightly distorted and asymmetric due feth@fthe nonlinear
and unbalance currents flowing through the line impedances. TheaRWM$HD values of the load phase currents are: 20.9A,
10.98% (phase a); 17.4A, 13.33% (phase b) and 16.1A, 1431386€ c). See Table Il for more details regarding to the RMS
and THD voltage and current values. Moreover, the load unbalance effect caefvedly the neutral current.

In Fig. 6.b the scaling coefficients are set to zegk=kp=0), which means full power factor compensation. This strategy
leads to ideal source currents: waveforms are practically sinusoidalH§eeTable Ill), in phase with PCC voltages and free
of unbalanced components, even the neutral wire current is close tdipavever, this full compensation needs a significant
amount of current/power rating of the inverter, increasing its cost. See Mafue a quantitative analysis of RMS current
values in each compensation strategy.

Figs. 6.c and 6.d show the reactivityo¥® and k=kp,=1) and unbalance (k0 and k=kp=1) conformity factor
compensations, respectively. In the first, only the reactive powemipartsated, whereas in the second only the unbalance

power is minimized.

Tablelll. PCC voltages, currentsand power and filter currents of selective compensation under sinusoidal voltage sour ce operation.

Params. | Load ina ib i i,
A[KVA] | 6.71 5.02 5.21 6.67 6.71
P[kW] 4.46 5.01 4.96 4.69 4.69
QIKVAr] | 4.80 0.03 0.01 4.65 4.64
N[KVA] | L1.16 0.10 1.25 0.08 1.16
DIKVA] | 0.92 0.36 0.95 0.90 0.38

V.[V] | 1223 | 1248 | 1246 | 1225 | 1223
THD[%] | 2.29 0.92 2.14 2.24 0.81

VoIVl | 121.9 | 1245 | 1243 | 1223 | 1218
THD[%] | 2.27 0.87 2.20 2.18 0.84

V.[V] | 1234 | 1254 | 1260 | 1233 | 1237
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THD[%] | 2.26 0.90 2.25 2.22 0.80
Io[A] | 20.88 | 1374 | 17.81 | 1839 | 20.98
THD[%] | 10.98 3.13 13.60 | 12.41 2.08
s [A] | 17.43 | 1321 1277 | 17.97 | 17.34
THD[%] | 13.33 2.20 19.27 | 12.87 1.80
<[A] | 1612 | 1324 | 10.01 | 18.00 | 15.97
THD[%] | 14.73 1.82 2506 | 12.79 1.76

Ita [A] 13.3 13.1 32 2.2
It [A] 13.7 13.2 1.2 33
It [A] 14.3 13.0 41 2.7

A A AT A AR AY [h'ﬁ;s/'d&]}

W 220,25
Vo o (200 V/div)
\'mmm_mm_mrl i

<-

AAAA'AAAA'AAAA'AAAA'AAAA'AAAA'AAAA‘AAAA'AAAA'AAAA

(a) load (k=kn=ko=1)

/T SR SRS S RS MRS SRS SRR SNSRI
rf \ ﬁ ,E\ A p\; A AN /_\\ A[20ms/d1v]

>4 .\..:.\[.,!: . .5.1.4(5.},..\‘.5 -V (200V/d1v)
4 \u/z U :5_‘, EU \P' U' \,»- U ch a:v vy
R D T T AP RRrR
AREAE ACA N AN AN
AN S A AW AW AWANAYAE
->J~---’E-‘-#;\-/'k-f-“\;#--\;;‘f--‘--»é-‘r-ﬁ;L-‘#-S-;‘-J\;-)--\-:
f \\/ AV LAY \U- TEAVEEVARTARE
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FrNTLLLIN P P v, (IOV/dlv)’
A ST FENEE FRREE FENTE SRRTE SR SRS S et e

(b) ina (kg=kn=ko=0) (d) v (k= 0 and k=ko=1) () step down voltage variation (zoom)

Fig. 6. Selective load current compensation under sinusoidi@igesource operation.

To evaluate the dynamic behavior of the DC link voltage controller, a 30% ctap ah the PCC voltage was applied to
evaluate the system response under external disturbances. The resultsvarendfig. 6.e and 7.f. The corresponding DC
voltage varies about £10V and follows the load time constant. From Fig.i$ possible to observe that the source current
becomes sinusoidal after three cycles.

Moreover, in order to evaluate the flexible selective compensation capability grddtieal feasibility, we decided totse
two scaling coefficients and then vary the third one. Tables IV, V arghdiv the following configurationsif and k=k»=0);

(Ay and l=kp=0) and 4} and k=k\=0).
Finally, in Table VII is shown a result where all the load conformity fact@ve been selectively driven by the set of

referencesAy, Ay, Ap). From these set of conformity factors and (13) it is possible to calthéagxpected power factor.
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C. Operation under distorted and asymmetrical voltage source

To evaluate the selective compensation under non-ideal voltage conditions,athevds supplied by distorted and
asymmetrical voltages, as shown in Table II. Fig. 7 and Table VIII repacbthesponding results.

Fig. 7.a shows the instantaneous three-phase PCC voltages and laadscuncluding neutral wire current, withou
compensation geky=kpo=1). In this case, a portion of neutral wire current is causetebyribalanced load and other portion is

caused by the distorted and asymmetrical voltages.

Table V. Flexiblereactivity conformity factor compensation (44 and kn=kp=0).

Ao 0.00 0.30 0.44 0.52
A 0.960 0.918 0.867 0.826
Ao 0.000 0.301 0.439 0.523
Ay 0.215 0.205 0.196 0.186
Ap 0.185 0.182 0.176 0.167

TableV. Flexible unbalance conformity factor compensation (4y and kqo=kp=0).

Ay 0.00 0.05 0.10 0.12
A 0.701 0.709 0.689 0.698
Ao 0.706 0.697 0.715 0.705
Ay 0.013 0.053 0.096 0.111
Ap 0.141 0.139 0.138 0.141

TableVI. Flexibledistortion conformity factor compensation (4}, and kq=kn=0).

Ap 0.00 0.08 0.10 0.12
A 0.693 0.686 0.694 0.682
Ao 0.712 0.717 0.708 0.718
Ay 0.152 0.154 0.154 0.154
Ap 0.061 0.088 0.106 0.126

TableVII. Flexiblecurrent reference generator (dg, Ay, 4p).

24=0.20 14=0.10 A,=0.08 A7=0.972
0.200 0.115 0.084 0.970

Fig. 7.b shows the full power factor compensatiasrkik=kp=0) under non-ideal voltage source operation. As expected, the
source current waveforms assume the same waveforms of the R@gespand the neutral wire current is reduced to the
contribution from the grid voltage non-ideality.

Fig. 7.c shows the unbalancg$k and k=kp,=1) conformity factor compensation under distorted and asymmetrical voltages
Note that the unbalance power is minimized; howeter neutral current is not eliminated due to the asymmetry existing in the
voltages.

Following, Fig. 7.d shows the distortion,0 and k=ky=1) factor compensation under these non-ideal voltages. In this case
one can notice that even reducing the distortion power (void curremesyesulting currents are still distorted due to the
influence of the distorted source voltages, which affects the othesr tlurrent components (active, reactive and unbalanced).

See Table VIl for a detailed analysis.
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Finally, to validate the selective compensation and its feasibility under noneioleditions, we have applied the global
power factor compensatiod*) using (25) and the unbalance conformity factor compensgtjpand l=kp=0). These results
are reported in Tables IX and X, where the effectiveness of these strategimehaconfirmed even under operation with non-

sinusoidal mains.

R N R R G

wawww wwmwwww.ww w.ww i
W’MM WMWMW\WM@W’MM\* i M

NS FRNTE FRNEE SRS SRREE SRR SREE SRR SRS R IS FREEE SRENE SRR SRR SRR SRS SRR NS SRR

(a) Load (k=kv=ko=1) (©) (k= 0 and k=kp=1)

(e) step up load variation

HAAE SRR SRR SARAS SARES RRARS SRR SRR SUSRE S
F . . . . . [20ms/dlv]‘

L O A -
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() step up load variation (zoom)
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(b) ina (ko=kn=ko=0) (d) iy (ko= 0 and k=ky=1)

Fig. 7. Selective load current compensation under distortddaaymmetrical voltage source operation and loadvsteation.

Table VIII. PCC voltages, currentsand power and filter currentsfor selective compensation under distorted and asymmetrical voltage sour ce.

Par ams. L oad [ i’ i i,
V [A] 202.5 206.6 206.4 202.7 202.5
I [A] 29.5 21.7 22.0 29.6 29.7
A[KVA] 6.03 4.48 4.64 6.03 6.06
P[kW] 3.95 4.48 4.46 4.16 4.23
Q[kVATr] 4.40 0.01 0.01 4.27 4.24
N[kVA] 0.86 0.07 0.92 0.07 0.89
D[kVA] 0.87 021 0.92 0.90 0.26
Va[V] 110.9 112.7 112.9 110.9 111.0
THD[%] 5.76 4.52 5.77 5.91 4.85
Vyp [V] 122.3 124.3 124.9 122.2 122.2
THD[%] 6.13 4.92 6.21 6.37 5.11
V¢ [V] 117.5 120.4 119.9 118.0 117.4
THD[%] 6.76 4.71 6.60 6.34 5.42
la[A] 16.3 12.1 14.6 16.5 16.4
THD[%] 13.07 5.54 16.36 13.77 5.05
s [A] 18.7 12.9 13.6 17.6 18.8
THD[%] 10.08 5.95 15.77 10.54 4.14
I« [A] 16.5 12.6 10.4 17.4 16.3
THD[%] 15.63 6.04 27.69 16.25 441
TableIX. Flexible power factor compensation.
A" 0.98 0.95 0.92 0.90
A 0.981 0.958 0.929 0.916

Ao 0.179 0.270 0.353 0.383
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Ay 0.048 0.069 0.083 0.09
Ap 0.059 0.074 0.087 0.094
Table X. Flexible unbalance conformity factor compensation (4y and kqo=kp=0).

Ay 0.05 0.08 0.1 0.12

A 0.68 0.684 0.668 0.689
Ao 0.725 0.720 0.735 0.713
Ay 0.056 0.085 0.104 0.122
Ap 0.146 0.144 0.14 0.144

D. Discussion of computational complexity

The CPT current decompositions and load conformity factors latitmu require high computational efforts [26]. However,
for most applications they do not need to be processed in realftimae, the CPT calculation could run into a low frequency
loop or in case of a three-phase APF, the phase equivalent conduatahoeactivity §,,, and B, from (25)] of each phase
could be updated within a period of fundamental cycle. Thus, each phasttyywould be processed into a period of three
fundamental cycles.

This strategy may be used when facing computational limitations and it mag eadelayed transient response resulting
under or over compensation until the next update. However, sathgstrwas applied to generatetall paper’s results, and as
it was observed, it led to an acceptable dynamic performance takingeenliné periods to convergence, as reported in Figs.

7.e and 7.f.

E. Discussiomboutthe dynamic response under load steps

To evaluate the reference generator and designed current controller under loachsatiai®C link was imposed by a DC
power source, aiming to observe the dynamic response of lentsuwithout the effect of the link voltage regulator. A step up
of 20% of the nominal load power was applied, and the risssiiown in Figs. 7.e andf7

The transient lasts few line periods anis inot related to the current controller dynamic, which is faster (refesectmn 1V)
Indeed as mentioned previously, the dynamics is dominated by the cuefenémce generator. The applied moving average
filters inherenty have one cycle responsehen, the observed response is due to the computational strategy usealtéotigd

G,, andB,,, as explaiedin sectionVv.D.

VI. CONCLUSIONS

This paper presented a three-phase APF controlled in stati@tayycoordinates using a flexible current reference generator
which is based on orthogonal instantaneous current decompositirCitd and a defined set of conformity factors related to
specific load disturbing effects. The conformity factors can be set to efeyemces between their ideal value (full

compensation) and the non-compensation case, through the defifiippropriate scaling coefficients, thus offering a flexible
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tool when full compensation is not possible. The scaling coefficeltas the system to reach accurate desired conformity
factors at the grid side (PCC).

The flexible current reference generator might be applied to single- ee-phiase APF as well as to other grid-tied
converters, as those for renewable distributed generators. The providatt ceferences for flexible compensation have been
tracked by modified hybrid P-type iterative learning current controller, whah shown good steady-state and dynamic
performances even to high frequency harmonics. The controimsclimes nb use reference-frame transformation or
synchronization algorithm, which simplifies its understanding anddwgs its operation under non-ideal voltage source. The
proposed solution has been validated through theoretical and experinesuodtd, runder ideal and non-ideal voltage source

operation.
REFERENCES

[1] Singh, B.,Al-Haddad, K., Chandra, ArA review of active filters for power quality improvem&ntEEE Trans. on
Industrial Electronics1999, 46, (6), pp 96671

[2] Peng, F. Z.{Harmonic sources and filtering approach&sEE Industry Applications Magazin2001, 7, (4), pp 18-25.

[3] Li zhang, Waite, M. J., Chong, B:Three-phase four-leg flying-capacitor multi level inverter-based actiwepfilter for
unbalanced current operatiphET Power Electronic£2013,6, (1), pp 153t63.

[4] Thomas, T., Haddad, K., Joos, G., Jaafari, Mesign and performance of active power filtereEEE Industry
Applications Magazingl998, 4, (5), pp 38-46.

[5] Khadem, S. K., Basu, M., Conlon, M. FHarmonic power compensation capacity of shunt active power filteritand
relationship with design paramete&ET Power Electronic2014, 7, (2), pg18-430

[6] Mattavelli, P., Maraféo, F. P:Repetitive-based control for selective harmonic compensation in activer fiiiers, IEEE
Trans. on Industrial Electronic8004, 51, (5), pp 1018024

[7]1 Junyi Liu, Zanchetta, P., Degano, M., Lavpfa ‘Control design and implementation for high performance shunt active
filters in aircraft power grids IEEE Trans. on Industrial Electronics, 2012, 59, (9), pp 383

[8] Chauhan, S. K., Shah, M. C., Tiwari, R. R., Tekw&ni\.: ‘Analysis, design and digital implementation of a shunt active
power filter with different schemes of reference current generatl&h Power Electronic2014, 7, (3), pp 62839

[9] Montero, M. M, Cadaval E. R., Gonzalez, F. B:Comparison of control strategies for shunt active power filters in-three
phase four wire systemEEE Trans. on Power Electronj@007, 22, (1), pp 22236.

[10] Nunez-Zuniga, T. E., Pomilio, J. AiShunt active power filter synthesizing resistive IdadEEE Trans. on Power
Electronics2002, 17, (2), pp 27378

[11] Herrera, S. R.Salmeron, P., KimH.: ‘Instantaneous reactive power theory applied to active power filter compensatio
different approaches, assessment, and experimental reltlt& Trans. on Industrial Electronj@008, 55, (1), pp 18496

[12] Depenbrock, M., Staudt, VThe FBD-method as tool for compensating total non-active cuirdptec. Int. Conf.
Harmonics and Quality of Power, Athens, Greece, Oct 1§9820-324.

[13] Akagi, H., Kanazawa, Y., Nabae, Alnstantaneous reactive power compensators comprising switching deviceatwith

energy storage componehtdiEEE Trans. on Industry Applicatiph984, 20, (3), pp 625-630.



© 00 N o 0o b~ WN PP

N N NN N N DNDNDDNMNDNN PR P P PP PR PR
© 00 N OO 0o~ WON P O © 00N O 0ol WDN kO

"This paper is a postprint of a paper submitted to and accepted for publinatdnPower Electronics and is subject to
Institution of Engineering and Technology Copyright. The cdpgcord is available at IET Digital Library"

[14] Tenti, P., ParedesH. K. M., Mattavelli, P.:‘Conservative Power Theory, a framework to approach control and
accountability issues in smart microgriddkeEE Trans. on Power Electronj@)11, 26, (3), pp 664-673.
[15] Campanhol, L. B. Gda Silva, S. A. O., Goedtel, AApplication of shunt active power filter for harmonic reduction and
reactive power compensation in three-phase four-wire systiisPower Electronic2014, 7, 11), pp 28252836.
[16] Ginn, H., Chen, G.:Flexible active compensator control for variable compensation objeGtiESE Trans. on Power
Electronics 2008, 23, (6), pp 2932941.
[17] Ahmadi, D., Jin Wang;Online selective harmonic compensation and power generation with distréneegl resourcés
IEEE Trans. on Power Electronj@)14, 29, (7), pp 3738-3747.
[18] Singh, B., Verma, V.:‘Selective compensation of power quality problems through active polter ffiy current
decompositioly IEEE Trans. on Power Deliver2008, 23, (2), pp 79299
[19] Chang, G. W.:A new approach for optimal shunt active power filter control consigeaiternative performance indices
IEEE Trans. on Power Deliverg006, 21, (1), pp 406-413.
[20Q] Biricik, S., Redif, S., Ozerdem, O. C., Khade® K., BasuM.: ‘Real-time control of shunt active power filter under
distorted grid voltage and unbalanced load condition using self-tdiftexj, IET Power Electronics2014, 7, (7), pp 1895-
1905
[21] Rahmani, B., Bina, M. T.‘Reciprocal effects of the distorted wind turbine source and the shure activer filter: full
compensation ofnbalance and harmonics under ‘capacitive non-linealbad’ condition’, IET Power Electronic2013, 6, (8), pp
16681682.
[22] Verdelhq P., Marques, G. D.°An active power filter and unbalanced current compensateEE Trans. on Industrial
Electronics 1997, 44, (3), pp 32328.
[23] Zhong Chen, Zhihui Wang, Miao Cheffour hundred Hertz shunt active power filter for aircraft powetsgriET Power
Electronics2014,7,2), pp 316324.
[24] Ginn, H. L.: ‘Comparison of applicability of power theories to switching compensatoitraty Przeglad
Elektrotechniczny2013, 6, pp 1t0.
[25] Maraféo, F. B.Souza, W. A.Liberadq E. V., da Silva, L. C. P., Paredes, H. K. MLoad analyser using Conservative
Power Theor3, Przeglad Elektrotechniczn2013, 12, pp B.
[26] Mortezaei, A., Lute, C., Simbes, M. G., Marafédo, F. P., Bodlia,PQ, DQ and CPT control methods for shunt active
compensators A comparative studyProc. IEEE Energy Conversion Congress and ExposHdtsburgh, USA, Sep 2014, pp
29943001.



