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Abstract— Solar photovoltaic systems are an increasing ojgin
for electricity production, since they produce elewical energy
from a clean renewable energy resource, and overéhyears, as a
result of the research, their efficiency has beemcreasing. For the
interface between the dc photovoltaic solar array fad the ac
electrical grid is necessary the use of an invertgdc-ac converter),
which should be optimized to extract the maximum paer from
the photovoltaic solar array. In this paper is pregnted a solution
based on a current-source inverter (CSI) using coimuous control
set model predictive control (CCS-MPC). All the power circuits
and respective control systems are described in degt along the
paper and were tested and validated performing comyer
simulations. The paper shows the simulation resul&nd are drawn
several conclusions.

Keywords—Solar Photovoltaics; Current Source
Predictive Control; Maximum Power Point Tracker - MPP

Inverter;

I. INTRODUCTION

The problems associated with climate change aondeth
associated with the massive use of fossil fueldemding to the
necessity of find new energy sources. Although thsist
research in another areas with new energy soureeswable
energy sources are at the moment an excellennatieg to
conventional energy sources. The main advantagebhosie
energy sources are the lower environmental impact the fact
that take advantage of natural resources. Tod&ypitssible to
see several countries of the world establishingitools goals
in terms of renewable energy share in a near futlite
European Union [1], China [2] and even United $t§84{4] are
examples of what is happening is this field.

Until sometime ago, the main share in the areamdéwable
energy was hydroelectric energy, being therefoiregand solar
energy the two most promising renewable energycssufs].
Alongside with large wind, solar photovoltaic rerable energy
sources has been increasingly explored in recemtsyd he
prices either of the solar photovoltaic panelsyels as the price
of the power converters, have been consistentlgtimg [2][6],
enabling its expansion and opening new possilslitigerms of
the energetic paradigm such as the prosumer [day’s solar
photovoltaic systems integrate a solar array andvepo
electronics systems that allow perform the powervecsion
from the solar photovoltaic arrays to the electrgnad. Solar
photovoltaic systems can be classified in termgosfer and in
terms of the type of power converters that cortstiiti [3].

Although the main adopted inverter topology for asol
photovoltaic systems is the voltage-source inve({ésl),
current-source inverters (CSI) applied to solar tpholtaic
systems were also studied [8][9]. Current-sourverirers have
been used in other power electronics applicatiaoh as active
filters, motor drives and renewable energy appbeet[10][11].
The advantages of this type of inverter are thedgqoality
output currents and the fact of being robust [1Zhe
disadvantages are the bulky dc-link inductance, &mel
increased dc-link energy losses.

In this paper is proposed the use of a currentcsoaverter
with the dc link inductance connected directly te tsolar
photovoltaic to perform the interface between tieetecal grid
and a solar photovoltaic array. The control of thalar
photovoltaic CSl, integrates a maximum power pdiatker
(MPPT) and a continuous control set model predéctentrol
(CCS-MPC) to control the inverter output currerathough
that MPC has been extensively researched overdaesythe
application of this type of control to solar phodtiaic systems
with current-source inverters can be further suidind
developed. The use of CCS-MPC can bring severaradyges
to the operation of the solar photovoltaic CSl,cuese has good
dynamics and ensures a fixed switching frequengy, [1

Il. CURRENT-SOURCEINVERTERTOPOLOGY

The topology of the proposed inverter is a threasgh
current-source inverter (Fig. 1). The power switche the
inverter are IGBTs with power diodes placed ineriThis is
necessary because in a current-source inverter,ptiveer
switches must withstand direct and reverse voltaljes passive
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Fig. 1. Topology of the threghase current source inverter for s

photovoltaic applications.



filters are LC filters. The three-phase currentrseunverter is
responsible by inject the energy drawn from thearsol
photovoltaic panels into the electrical grid. Therent control
is performed measuring the curreidsp,¢ and the grid voltages

VG{ab,g-
A. Dc-link Inductance

The solar photovoltaic array is constituted by rgeseof BP
Solar BP2150S. Each one of this panels has 72 mgstalline
silicon solar cells placed in series. The chargsttes of this
panel can be seen in Table 1.

Considering that the solar photovoltaic panels have
behavior similar to a current source, in this aggilon was used
a three-phase current-source inverter. With thisveder is
possible apply directly the photovoltaic array e tdc-link,
excluding the use of another converter, even viighvariation
of the voltage of the photovoltaic array. Whilehaee-phase
voltage-source inverter needs, to guarantee a popaeation, a
dc-link voltage ofy2v,_,
power grid line to line voltage i.e. about 565 V#1400 V power
grid i.e., about 565 V, the current-source invedsly needs
66% of that voltage [14]. To ensure this voltagaswonsidered
a solar array constituted by two parallel arraythaitotal of 22
panels, each one with 34 V, making a total vol@ag&74 V, and
a total power of 3300 W.

Considering that the dc-link current ripple mustheelowest
possible, ensuring that the maximum power is etéthftom the
solar photovoltaic array, was calculated the mimmdic-link
inductance value necessary to ensure a defineénturipple
using [15]:

_\/é Ve

L. =32
pemn 2 fSAidmax ,

1)

where vpc is the inverter input voltagd; is the switching
frequency of the converter, andi,, . is the maximum

admissible current ripple. In Fig. 2 it is possilidesee a graph
that shows the relation between the aforementioagdbles. In
this case was considered as voltage value, thestitage of the
solar array and a switching frequency is 32 kHnaHy, the
maximum admitted ripple is 0.3 A.

I1l. INVERTERCONTROL

The most common current control schemes are based i

linear controllers such as: linear controller if-a-reference
frame [16] and linear controller xS reference frame [17][18].

TABLE 1.
BP SOLAR PANELBP2150SCHARACTERISTICS

Parameter Symbol Value

Maximum Power P 150 W

Voltage atP Vimpp 34.0V

Current atPr, I mpp 445 A

Short Circuit Current lsc 475 A

Open Circuit Voltage Voc 428V
lsc Temperature Coeficient o (0.065%0.015) %/°C

Voc Temperature Coeficient B -(160£20) mVv/°C

70 10 15 2.0

0.0 05 Alpc (A)
Fig. 2. Dc-link inductanceléc) valuevs current ripple fipc) and switchin
frequency Fs).
In these control schemes is assumed that the mbthed system
is linear and invariant in time (LIT) and is aldmt is known
with some degree of confidence. In this case rtherter current
control is performed using CCS-MPC with a fixedqginency

greater than the peak value of the modulation technlque Although that, most of the GAFs

|mplemented imposing a variable switching frequermy

minimizing the error between the reference curr@md the

inverter current [19], is possible implement thipd of current
control using a fixed frequency. This presents satheantages
such as a simple passive filter design and a sim&ection

mechanism of the power semiconductors [20].

A. Current Control and Modulation Technique

The inverter reference currents, are generatedipiyiry
the signals obtained with a phase-locked loop (Pllth the
MPPT algorithm output signals (2)(3). The PLL iz@gsary to
synchronize the output currents of the inveritgg ¢,¢) with the
positive sequence of the fundamental componenthenfyrid
voltages.

isa = Va1 Kuppr

)
®3)

After this is necessary calculate the predicteéiitar output
currents. To do this, is necessary develop onyhamics of the
system considering Fig. 3, which can be expressed a

s
s =V Kuper

Wo.p) = lcta.p) ¥lotants @)

Vela. s} = Vola.p} T Vir{a.s} T VRe{a .5} *

If we combine the two aforementioned equationsétdg

(5).
(5)
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Fig. 3. Current-source inverter and passive fitb@del.



V(o 5)
dt

+C

Using the backward Euler method, and considering i

sampling frequency ¢ , is possible discretize the system as:

S (et pln =21 2ige 0=+ i )+
(EI—;RF(iG{a,,B} [n]_ ie{a,/z}[n_l])"' ie{a,/z}[n]"’ (6)

+ o bl v aln=1)- 1, bl=0,

Rearranging the terms is possible obtain:

kliG{a,,b’} [n - 2] + kZiG{a,E} [I’l - 1] + k3iG{a,E} [I’l] +

(7)
k4 (VG{a,,b’} [I’l] ~Veia.p} [n _1]) -1 [n] =0,
where,
_CL.  __(RTg+2L.)C
K ==k, =- . :
Ts TS
8
_(RFTS+LF)C+T52 _C ( )
ky = 2 1Ky = —-
T Ts

Considering that the objective is that the erraamplen+1
between the reference current and the injectectisuis to be
zero, the problem can be stated as:

kliG{a,,b’}[n _1] + kziG{a,ﬁ}[n] + kSiG{a,ﬂ}[n +1] +

9)
k4(vG{a,,b’}[n +1] - VG{a,/?}[n]) -1 [I’l +1] =0.

Makingig, ,[n+1] =g, 4[n] and considering the present

and past values of the system, the current that beugjected
by the inverter can be calculated as:

I, [n +1] = kliG{a,ﬁ}[n _1] + kZiG{a,ﬁ}[n] + ksié{a,ﬂ}[n] +

(10)
+k, (VG{a,B}[n + l] - VG{a,/?}[n]) .
The voltagev,, ,[n+1] can be estimated as:
VG{a,,B} [n + 1] = 2VG{a,ﬂ}[n] - VG{a,,U} [n - 1] " (11)

To insure that the current-source inverter is akvsiable,
was implemented a damping algorithm based in thiali
capacitor voltagevt) divided by a virtual resistancB) as:

B=é{%mgw+%§%mﬂd—ﬁwﬂW4m- (12)

The damping current is introduced in a high-pasgsgtali
filter, and then is added to the reference currehtthe
modulation block. In this way is only measured tied
voltages, requiring only three voltage sensors thedoutput
currents. It must be referred that this dampingatsgy
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Fig. 4. Block diagram of the Photovoltaic CSI cofier.

effectiveness is dependent of the sampling frequericthe
analogue-to-digital converters (ADC). In Fig. 5dkown a
control diagram resuming the control strategiest tivare
presented in this section.

Finally, considering that the passive filter intnoés reactive
power in the power grid, it was implemented a loojine control
that eliminates this. To perform this task is chlted the
average value of the reactive powey) (in the output of the

inverter as:

= 3 Sveblicllvablighl, a3

where N is the number of samples of one grid cycle. The

predictive control reference current will be then:

i[n]:i* [n]— vGﬂ[r]ﬁ[n]

. e vGa[n] ﬁ[n]
|[,[n] |Gﬁ[n]+m.

Having calculated the predicted reference curriet,next
step will be modulate the output currents. To dis thas
implemented a space-vector modulator, with a figetdtching
frequency of 32 kHz. Having the reference currémtdhe a-8
reference frame, the next step will be to findgbetor in which
is the current reference vector (Fig. 6). Aftersthiill be
calculated the timedo( t; andty) during what will be applied the
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Fig. 5. Current-source inverter equivalent contliaigramywith the integrate
damping mechanism.
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Fig. 6. Representation of the sectors and veofdige CSl in the:-S reference
frame.

vectors, that constitute the boundaries of theoselt table 3 it
is possible to see all the valid states of the erirsource
inverter. It must be referred that vectt#sl8, 19 are null vectors
and are placed in the center of thg reference frame.

B. Maximum Power Point Tracker

To ensure that the maximum available power ofpdueels
is injected into the electrical grid in every morpés necessary
implement a maximum power point tracker (MPPT).the
literature are described several
advantages and disadvantages. Also exist sevethlodeto
implement the MPPT, depending on the type of thepta
power converter or power converters. In some wdrkMPPT
is associated with a proportional-integral (Pl)tcolfer [21]. In
this case is proposed the direct connection betweeMPPT
algorithm and the reference output currents, ggeasented in
Fig. 4. Considering that the inverter is a currgmtrce inverter
the reference currents are more easily followedrémg that the
MPPT operates correctly. Also because was implezdeat
predictive current control, is expected that theeiter control
reacts faster to the changing of the referencentsr

The adopted algorithm was the Incremental Condgetan
This method is more complex than other methodsijtthas a
good performance [22]. Furthermore, this is a MiePT and

MPPTs, each onth wi

Measure vpc
and ipc

!

Calculate dV,
dI and dP/dV

no

dP/dV =0?
no
dP/dv >0?

kyppr++

no

k]lIPPT - k]lIPPT -

Return

Fig. 7. Implemented MPPT algorithm (Incrementah@actance).

when the maximum power point (MPP) is reachedatherithm
stays in that operating point, until some changietected [23].
To implement this algorithm is necessary to meathe®oltage
in the input of the invertergc) and output currents). In Fig. 7
it is possible to see the flowchart of the impleteenMPPT
algorithm.

IV. SIMULATION RESULTS

In order to determine the performance of the solar
photovoltaic current-source inverter with the prega control
was developed a simulation model similar to whaleigicted in
Fig. 1. The model parameter values are shown ineTib It
must be referred that the simulation results wétained using
the software PSIM from POWERSIM.

In Fig. 8 can be seen the simulation results, rapeeifically
the output currents of the inverter, when operatethe solar

TABLE IL. photovoltaic panels maximum power, the dc-link ictdnce
CSIVALID STATES AND VECTORS current, and the photovoltaic array voltage. As barseen, in
Fig. 8 (b), the grid currentsg) are sinusoidal and in opposite
vector inva  inwe  Inve o o iy Sfjvci:g\ees phase with the grid voltagegs] (Fig. 8 (a)). This shows that the
TABLE 11l
1 +p 0 -lp 0 1 1/4/3 S1, 82 PHOTOVOLTAIC CSISIMULATION MODEL PARAMETERS
2 0 e  -lp 0 0 2143 S2, 83 Parameter Symbol Value
3 o A 0 0o 41 143 S3, 54 CSl de-link inductor Loc 70 mH
4 le 0 e 0 -1 -14/3 S4, S5 Passive filter inductor Le 6 mH
5 0 -Ie e 0 0 213 S5, S6 Passive filter capacitor Cr 60 uF
6 +p -Ie 0 0 1 -3 S6, S1 Passive filter resistance Re 0.3Q
7 0 0 0 0 0 0 S1, 54 Inverter switching frequency Fs 32 kHz
8 0 0 0 0 0 0 S3, S6 Grid voltage (rms) Ve 230V
9 0 0 0 0 0 0 S5, 82 Grid frequency F 50 Hz




400

14 -
200 12 iDC
S gl < i
5 0 Es
s & ok
2200 + 4
M i 145 146 147 148 149
(a) 1 (C) i Time ()
1500
;" UNl(l:
X f v,
15 25N
_ 10 % : TT
i 5 2 0
£y 5
s} . =500 ]
-10 -1000 |
45 I
20 L BN 145 146 147 148 149 1
(b) 144 145 1.46 T]L‘:TH 148 1.49 (d) i Time (s) A
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(a) Grid voltagesv); (b) Grid currentsig); (c) dc-link inductance current; (d) dc-link vadfe.

CCS-MPC is operating correctly and that the gridhsorbing
the power generated by the photovoltaic arrayhis figure is
also possible to see the dc-link currast) and the voltage in
the input of the invertengc). The ripple of the dc-link current
is low, as expected.

Fig. 10 shows the phase A reference currist) and the
injected current igs*). The reference current is followed
correctly by the inverter. It must be referred thmcause the
MPPT is controlling directly the amplitude of theutput
currents, the response to the variation afepk is fast.
Nevertheless the choice of the incrementing stefheoMPPT
can affect the distortion of the output currents.

The simulation results of the MPPT algorithm operaare
shown in Fig. 9. The figure shows that the MPPTodthm
tracks effectively the operation power of the sglaotovoltaic
array. In Fig. 9 (a) itis possible to see the @vter input power
(Pc) and the photovoltaic array available powes)( The figure
shows the increments of the MPPT varialigzer over the
time, and its stabilization around the maximum popa@nt. In
the beginning of the simulation, the input poweossillating,
but this is related with the stabilization of thedel.

V. CONCLUSIONS

In this paper was presented a current-source EvenSI)
for the interface between the photovoltaic solaayamland the
electrical grid with an integrated maximum poweimpdracker
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Fig. 10. Simulation
inverter currentig,).

results of the CSI inverteference currentig,) anc

(MPPT). The control of the inverter is performedings

continuous control set model predictive controlctmtrol the

output inverter currents. The control algorithmsthaf inverter

are described and are analyzed. Also, are presethed
simulation results obtained with a developed maaleich show

that the current-source inverter operates corredisn injecting

energy into the electrical power grid.

It is also shown that the MPPT is capable of tnagkihe
solar photovoltaic array available power.

In the future will be implemented a prototype af iroposed
CSI for solar photovoltaic grid interface in order obtain
experimental results. This will allow to confirmetlsimulation
results and better assess the behavior of the pedpeguipment
and control algorithms. Also, it will allow detema the
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Fig. 9. Simulation results of the MPPT algorithia} Inverter input power
(Pi) and optimum powelPs; (b) MPPT control variablekppr).



efficiency of the inverter operating with the CC32M current
control.
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