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Abstract— This paper presents the proposal of a three-phase Today’s solar photovoltaic systems integrate arsaiay and

current-source shunt active power filter (CS-SAPF) with
photovoltaic grid interface. The proposed system cobines the
compensation of reactive power and harmonics withhie injection
of energy from a solar photovoltaic array into theelectrical power
grid. The proposed equipment presents the advantagg giving
good use to the current-source inverter, even whethe solar
photovoltaic array is not producing energy. The papedescribes
the control system of the CS-SAPF, the energy injéon control
strategy, and the current harmonics and power facto
compensation strategy. Simulation results to assesshe
performance of the proposed system are also presewat

power electronics systems that allow perform thevero
conversion from the solar photovoltaic arrays ® dfectrical
grid. In an isolated system, the system is conudeditectly to
the loads. Generically this system integrates aldpower
converter and a dc-ac power converter. The dc-aeester is
connected to the electrical grid using first or s®t order
passive filters. Solar photovoltaic systems canthmzefore
classified in terms of power and in terms of theetpf power
converters that constitute it [3].

Keywords—Power Quality; Harmonics Compensation; Power The main adopted inverter topology is the voltagerse

Factor Correction; Solar Photovoltaics; Current-Souednverter.

l. INTRODUCTION

Climate change and the problems associated withsbef
fossil fuels are forcing the shift to new energyurses.

inverter. Nevertheless there has been made soe@rohswith
current-source inverters applied to solar phot@aolsystems
[6][7]. Current-source inverters have been useattier power
electronics applications such as active filterstandrives and
renewable energy applications [8][9]. The advarsagethis

Renewable energy sources are a good alternative type of inverter are the good quality output cutseand the

conventional energy sources, because they presémvex

environmental impact, and take advantage of natesalurces.
Renewable energy expansion is a trend in Europe an
generally in all the world. The European Union gaalterms

of the use of renewable energy sources are 20%wediie

energy share in energy consumption by 2020 [1].n&hi

United States, and other countries are pursuingagigoals,

with China aiming to a share of 15% to the totahairry energy

in 2020 [2] and United States with incentives buthstate
scope or federal scope to renewable energy usé][3][

Solar photovoltaic is one of the renewable enemyrces

that has been more increasingly explored. Oveyélaes solar

photovoltaic technology has been developed andpthees

either of the solar photovoltaic panels, as welthesprice of

the power converters, have been consistently lagda][5].

fact of being robust [10]. The disadvantages aee litilky
dc-link inductance, and the increased dc-link epéogses.

(ijn this paper is proposed the use of a currentesoshunt
active power filter (CS-SAPF) to perform the intaré
between the electrical grid and a solar photovoliaray. The
control of the CS-SAPF, alongside with the enemgjgdtion
capability, also integrates low power factor congagion, and
current harmonics compensation.

I CS-SAPFWITH SOLAR PHOTOVOLTAIC INTERFACE
TOPOLOGY

The topology of the proposed current-source inveige
constituted by a three-phase current-source inventa a
step-up converter connected to the dc-link (FigThe power
switches in the inverter are RB-IGBTs. This is rescey
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Fig. 1. Topology of the proposed three-phase otigeurce shunt active power filter (CS-SAPF) vgititar photovoltaic grid interface.



because in a current-source inverter, the powetickes must

+ P,
withstand direct and reverse voltages. In the dcaforerter, v,,_, Vai ) i
S7is a conventional IGBT an8i8is a RB-IGBT. Vebe PLL |y Powers P f Shang. | calculations
SDC | Calculation .
. . . . Lea*
The three-phase current-source inverter is resblengly  ip,— Iy P4 ;
inject energy into the electrical grid and, at gsme time, {Lb—> p q ‘] i
o : ; : ire |/ 0p] )
inject reactive energy into the grid, and compengafrrent PR I P
harmonics generated by a nonlinear load, placepanallel “ ¢
with the inverter. The compensation is performedisnging
the nonlinear load currenit§ab,g- i *| catcutations
D . *
The operation of the dc-link step-up converteriigdegd in ipg* I‘F“*
two steps represented in Fig. 2. In the first sBfand S9 are ~ 'm

on. In this state, the current of the panedsflows throughLst
and S9 injecting energy in the dc-link inductanktethe same
time, the current of the dc-linkiog) flows through the Fig. 3. Block diagram of the CS-SAPF controller.
capacitor CDC. In the second st&Y,andS9are off, and the
current of the panelsgd) flows through the capacitd@oc,
charging it again. In this way is possible to hawvare current
in the dc-link or less, than the maximum power pgMPP)
current of the panels. This enables the reactiverggn
injection, and load current harmonics compensatiibi large
amplitudes, while injecting energy into the elestigrid.

in this case three-phase ac current. Also, is Bacg®nsure
that the maximum power is extracted from the paimeévery
moment. To deal with all this features at the séime that is
injected reactive energy and are compensated the lo
harmonics, was implemented the control algorithpicted in
Fig. 3. To detect the harmonics and generate fheergces was
implemented a control based in they Theory. This power
The interface between the dc-dc converter anddHenl of theory was extensively used in active filters [12][
the CS-SAPF is done usir§9 and D1. This interface is a
voltage-to-current converter similar to what is dige [11].
This circuit is a voltage-to-current converter, @i is
responsible for transferring the energy storedapacitor to pl_|vo v [ia
the dc-link inductor of the CS-SAPF. This circuioas the { }{ —VJ{ } (1)
flow of the dc-link current either by the diod¥, when the
capacitoiCpc is being charged with the energy that comes fromagter the compensation, only the average value hef t
the solar photovoltaic array, or discharge it bimg flow the instantaneous real powerp() is desirable, and the other
current througts9 power components must be compensated. So to ethssires
determined the average juf

To determine the reference currentsandigs is necessary
in the first place calculate andq:

+
V,B Iﬂ

A. Grid Energy Injection and Compensation Strategy
In order to inject energy into the electrical giglnecessary P ZEI p(t) dt )
convert the dc current produced by the panelsaotourrent, T .

ey Loc The mean value of p is then calculated subtractirey

| Voss | e average value tp as:

‘ ! ! -
- 3 } | p=p-p. 3)

| Vp ,‘ ::‘ Vped — — — 1 1 1 i D

a) ! o Cocl || ‘; The reference dc-link currengc*, is calculated using, q

g | i i ! andPpyv. It must be referred th&vis the instantaneous power

| ; I ! in the input of the dc-dc converter. After calcirigtic, andics,
L ] 155 ] oo the dc-link reference current is calculated using:

ip Lsr ipc Lpc . 2 . 2
> > Y Y Y . * =
6 fffffffffff il > IDC =K Ica +|c/3 . (4)
| s |

|

| |
L 1] i in The control of the dc-link current is performed hy
b V l , 11 proportional-integral (Pl) controller. In this wahe CS-SAPF
) i : g o ‘; is constantly injecting the energy produced by tuar
g ! i ! photovoltaic panels into the electrical grid. Itshbe referred
| ! | that the output currents of the inverter are feeklbdto the
I s o control. Nevertheless, because the inverter iseotisource

Fig. 2. Dc-dc converter operation: (a) Dischargifithe output capacitor;
(b) Charging of the output capacitor.



type, the control can be open-loop. This is simitakvhat is
done in .

B. Maximum Power Point Tracker Algorithm

The adopted maximum power point tracker (MPP1
algorithm was Incremental Conductance. This methc
although is more complex than other methods, hasad
performance [14]. Furthermore, this is a true MRIRd@ when
the maximum power point (MPP) is reached, the éigor
stays in that operating point, until is detecteshs@hange. To
implement this algorithm is necessary measure t
photovoltaic array output voltagepf and output currenig).
In Fig. 4 is possible to see the flowchart of thplemented
MPPT algorithm. The MPPT algorithm controls dirgcthe
duty-cycle imposed to the dc-dc converter. | fmre | | - | | e | | - |

C. Resonance Damping Strategy : : : :
Considering that the passive filters of a currentree

inverter are usually of type CL, which are secondieo passive

filters, this leads to a second-order system, \aitdefined Fig. 4. Implemented MPPT algorithm (Incrementah@actance).

resonance frequency. Therefore in the control efitiverter This method has the advantage of not require arnaex
must be integrated mechanisms to damp the resoransed current or voltage sensors. The disadvantage is ithie

by the passive filters. One strategy similar tot tsadone in  parameters of the model vary, the method will lose
[15], consists in calculate a damping current basedhe performance.

predicted current that flows in the capacitor, anbtract it to

the reference current. To implement this stratégydurrent 10 complement the aforementioned damping method was
that flows in the capacitor can be expressed as: also implemented a virtual harmonic damper. Tohds, tare

calculated the distorted components voltage usie grid
dziF{aﬁ} +CR dicfa 5 (5) voltages subtracted to the phase-locked loop (Rdrg the

Measure ipand vp

Caleulate dip, dP.
dvpand  ay

_ dvg,
Icp{a,p) =C (Zi{t 4 +CL,

dt? dt output reference current as:
Making: i,:{a,g} :il*:{aﬁ}, its possible predict the capacitor i =_i v v
current (cp) as in (6). ov{a.4} R, (Vofa.g} ~Vas)) (8)
i -c V(a5 +CL d Zi;{aﬁ} . Considering that the grid voltages usually areodist, if we
cPlas} = d Fodi? subtract the (PLL) generated voltages to the medsgrid

. (6) voltages, the result signal will be resulting bg tirid voltage
+CR, dic(, 4 distortion caused by the loads and the dynamitkeopassive
dt filters. The combination of the two aforementiorstthtegies

. . , , can be seen in Fig. 5. It must be referred thaa(id) (8) are
In Fig. 1 is possible to see that the capacitoresurdepends iscretized so that can be implemented in thealigintroller.
of the output current and the grid voltage. The paginated

by the grid voltage can be compensated injectimgrstant ~ Finally, the reference current that includes thenpiag
reactive power valueg in the reference currents generatiorgurrent, the solar photovoltaic injecting currentizhe load
So to compensate only the transitory caused byatiation of Compensating current, is sent to the space-vectaiutation

the reference current, can reduced to: block. This block determine the sector where isated the
- . current reference vector and the switching timesenT

i =CL, A g +CR. dic(a 5 (7) compares the times with a saw-tooth wave and plétes

cPla.4) dt? dt inverter in the states that are necessary to sim¢héhe

reference current. The switching frequency of theeiter is
32 kHz.
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Fig. 5. Damping loop applied to the current-sogieent active power filter (CS-SAPF).




. SIMULATION RESULTS TABLE Il
SIMULATION RESULTS WHENCOMPENSATINGFULL LOAD

In order to determine the performance of the pregdos
CS-SAPF with solar photovoltaic interface, was deped a SOURCE LOAD
simulation model similar to what is depicted in .Fig The Line | Current Current Current  Current
model parameter values are shown in Table I. rms (A)  THD (%) ? | rms(A) THD (%) v

a 9.69 4.66 0.99 32.30 1124 082

The load is constituted by a three-phase full-bridectifier b 9.63 4.98 0.99 32.30 11.25 0.84
with a RL(R=26Q, L=146 mH) placed in the dc-link and a ¢ 9.62 5.08 0.99 32.30 11.23 0.83
three-phase balanced RR+23 Q, L=95 mH) load. These two Total - - 0.99 - - 0.83
loads were chosen because the resulting currertsbei
distorted and the power factor will be low. Table 1l shows the measured results of the simanati As

. ] . can be seen, the total harmonic distortion (THD%)the
In Fig. 6 can be seen the simulation results 0lGBeSAPF  goyrce currents is lower than the load currente fower

when compensates the load at the same time itSn@®@rgy factor is higher in the source. This indicates thatCS-SAPF
in to the grid. As can be seen, in Fig. 6 (a),sherce currents s gperating correctly.

are sinusoidal and in phase with the voltages. TBeSAPF

injects currents (Fig. 6 (b)) that compensate ¢faalIcurrents ~ 1he rms values of the source currents are veryden
Fig. 6 (c). The figure also shows that the sourcerent compared with the load currents. This confirmsdtaement
amplitudes are inferior to the load currents. Tramonstrates that the CS-SAPF is injecting energy into the gudl that in
that the reactive power is being compensated. Alisattests the case, this energy is being consumed by the load

that the solar photovoltaic generated energy ind@ijected  Fig. 7 (a) shows the dc-link curreigt. As can be seen, the
into the electrical grid lowering the rms valuetbé source gc_link current, although the load is a nonlinezad, has an
currents. In this way the source current are redlubecause insignificant ripple. The dc-dc converter capacitas some

the reactive power is compensated and the CS-SARFuence in this low current ripple. The voltage this
contributes with energy from the solar photovolti@y to the  capacitor has also low ripple Fig. 7 (b).

load.
TABLE | The simulation results of the MPPT algorithm opieratire

CS-SAPFSIMULATION MODEL PARAMETERS shown in Fig. 8. The figure shows that the MPPToatgm
tracks effectively the operation power of the splaotovoltaic

Parameter Symbol Value array. In Fig. 7 (b) is possible to see the dc-lagpacitor
SAPF delink inductanc Loc 20C mH voltage increasing and stabilizing after that iacteed to the
Passiveilter inductol Le 0.EmH ~ il ;
Passiveilter capacito c 1CuF MI?P. The d'ut'y cyclek(npp) |nd|c§\tes that the MPPT algorithm
Passiveilter resistanc Re 0.1Q adjusts the injection of power in the dc-link intarce of the
dc-dc converter inductan Lst 7 mH CS-SAPF. Also the voltage in the output of the dc-d
dc-dc converter capacit Coc 68C uF . . ..
Photovoltaic array short circuit curr isc 32.4A converter, lowers and increases varying accordiity the
Photovoltaic array open circuit volte Voc 526..V duty-cycle. The dc-link current varies accordingtvthe loads
Photovoltaic array MPP volta VmpE 420.V t litud that bei tedthef
Photovoltaic array MPP P 12 KW currents amplitudes that are being compensate
amplitude of the currents increases, the dc-linkren
increases to maintain the modulation index in ihedr zone.
60 T T T T 60 T gt i
, g Ly e
40 o . y 4 40
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s \ N 1 20
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Fig. 6. Simulation results of the CS-SAPF injegténergy from the solar photovoltaic arrays andmamsating harmonics and power factor:
(a) Grid currents: (b) CS-SAPF currents; (c) Loadents.
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Fig. 7. Dc-link simulation results during load diga: (a) Dc-link current; (b) Dc-link voltage.
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Fig. 8. Simulation results of the MPPT algoritha) Dc-dc input power;
(b) MPPT control variable.

V. CONCLUSIONS

In this paper was presented a current-source sictite
power filter (CS-SAPF) that can work simultaneowssyactive
filter (to compensate current harmonics and powaetol) and
also as interface of solar photovoltaics with thectical

power grid. The paper describes the control algoritand the

power converters that constitute the proposed CBFSAIso
are presented the simulation results obtained with

(1]

(2

(3]

(4]

(5]

(6]

(7]

19

developed model. The simulation results show tha t[10]

CS-SAPF operates correctly, when compensating meati
load harmonics and reactive power, at the same thmée
injects energy into the electrical power grid. the future will

[11]

be implemented a prototype of the proposed equipriten [12]

order to obtain experimental results. This wilballto confirm
the simulation results and better assess the bahatithe
proposed equipment.
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