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Photovoltaic solar system connected to the
electric power grid operating as active power
generator and reactive power compensator

F. L. ALBUQUERQUE, A. J. MORAES, G. C. GUIMARAES, S. M. R. SANHUEZA, A. R. VAZ

Abstract-- In the case of photovoltaic solar systems (PV)
acting as a distributed generation (DG), the DC energy
obtained is fed through the power-conditioning unit
(inverter) to the grid. The majority of contemporary inverters
used in DG systems are current source inverters (CSl)
operating at unity power factor. If, however, we assume that
voltage source inverters (VSI) can be utilized instead of CSI,
we can generate reactive power commensurate with the
remaining unused capacity at any given point in time.
According to the theory of instantaneous power, the reactive
and active power of inverter can be regulated by changing
the amplitude and the phase of the output voltage of the
inverter. Based on this theory, the active power output and
the reactive power compensation (RPC) of the system are
realized simultaneously. When the insolation is weak or the
PV modules are inoperative at night, the RPC feature of PV
system can till be used to improve the utilization factor of
the inverter. The MATLAB simulation results validate the
feasibility of the method.

Index Terms- photovoltaic solar systems (PV),
distributed generation (DG), reactive poweractive power.

|. INTRODUCTION
ELECTRIC utilities have, historically, satisfied ¢amers

DGs are strategically placed near consumption poittere
the delivery of electric energy is needed. This calef
generation, transmission and distribution and, equently,
delay the need of new investments [1]. Besidesantimprove
the load curve and voltage profile of the feededucing the
level of charge of feeders and transformers, bmnggi
environmental benefits, avoiding the emission ofiyers if
the primary source of energy is renewable [2]. Bcoic
benefits to the energy company also include redocin
electric loses, decrease of energy cost productimgger
capacity of generation, delay of investments
transmission and distribution capacity, and reductf risks
due to fossil fuel market uncertainties. Anothermpartant
advantage is the production of small blocks of gpeby
renewable sources, as small hydroelectric centkatspass,
wind energy generation, and photovoltaic systems.

There are many reasons to the use of photovoligiem®ms
as a DG: considerable energetic potential, fregpafuting
emissions, decrease of the current price of thaopbtiaic
system components, high reliability, high efficigraf the PV
system connected to the power grid, and multi foned
features of the building elements [3].

Based on international data, currently, the maipliegtion
of the PV has been the connection to the electrid, g
especially in developed regions as, for examplpadaUSA,
and Europe [3]. German should be highlighted bexdts

demand by centralized electricity generation arffogram of 100.000 solar roofs qnd its programmefaillation
distributing it through an extensive transmissiond a ©f PV system in schools that is supported by theerel

distribution lines. When the demand increases,ctirapany
needs to generate extra energy. If demand incrdesemd a
certain level, generation, transmission and distidn
capacities can be unable to offer the necessaryumtmof
energy, becoming mandatory new investments.

An alternative to this problem is to answer locathe
demand, through investments in distributed germmatDG).
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government and by local energy companies [3].

However, currently, the majority of inverters tlaaé used to
connect the PV to the electric power grid are Crating
with a unity power factor. Then, the power factdr the
distribution grid supplied by the PV system thakesighis
inverter will go to a lowest value because it wgillpply only
the active power. Thus, the reactive power usedhbylocal
charges will continue to be supplied by the elecyrid,
through the capacitor installed in the primary dfet
distribution grid or by the substation. Neverthslethis is a
disadvantage of the PV systems because they |dose t
capacities and become useless when the insolatiomak or
during the night. At these moments, all chargessapplied by
the electric grid. Furthermore, as the PV is turpédduring
the night, its control is more complex. Howeverthg VSI

in the
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inverter is applied instead of the CSI, reactivev@ocan be If the inverter has a store or an energy generator
generated and absorbed using the available capatitiie equipment (battery, fuel cell, or photovoltaic gys} in the
inverter in a specific moment in accordance with tmand DC side, it can carry out active power change betwthe
of the electric power grid [5]. inverter and the electric grid. The active powearie can be
Thus, in this work, the inverter connected to #iectric controlled by the phase shift between voltageandVs. Thus,
power grid supplies active power generated by tesystem if it is desirable to absorb active power from timed, the
and supply or absorbed the reactive power, in alecmre with output voltage is generated with a delay and wikh same
the necessity of the distribution grid and the kmlity of the magnitude of the grid voltage, defining the serfsthe active
PV systemsimultaneously. So, when the insolation is weak @ower flow as been from the grid to the inverteesiles, the
the PV system is turned off during the night, thection of jnverter can also provide active power to the gsitice the
RPC is used. This extra function increases thelahibify as output voltage of the inverter has been producerackd and
well as improves the energy quality of the griddiese there is wjth the same magnitude of the grid voltage. Tisration is
a local power compensation control. The theoretis®lysis possible since there is a suitable design of tieeggrgenerator

and the simulation results validate the proposethoake or storage appliance in the DC side. So, when tiageV; is
delayed or advanced from (by an angle smaller than 90
Il. OPERATION PRINCIPLES and with the same voltage magnitude, it has theegbwer

The inverter analysis, related to the generatiod ambsorption or generation, respectively. Figure bwshthe
consumption of power, can be done similarly todhalysis of phasorial diagram of the operation of the inveueder many
a synchronous machine connected to an infinity Blesvever, working conditions.
the inverter presents a faster dynamic due toltkerace of the
inertia of the rotor. On the other hand, the ndtessf
imposing to the inverter a similar behavior witheth
synchronous machine becomes the control of thertewve
dependent on the feedback of the grid voltage kigna

Differently from the synchronous machine, powereirters
don’t have a natural linkage neither between thigeapower
and the phase shifts of generator voltages nor destvthe
output voltage amplitude and the reactive powerusTho
connect an inverter to an infinity bus, it is nessey that these

L e
=g

. ¥
linkages are created by the control system so ahatable 4
operation can be maintained. i v,
Active and reactive powers carried by the eleagrid can - l ----- -
be calculated through equations (1) and (2) [7]. b i
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where: ]
v oltage on terminals of the inverters {c) Supplying active power and supplying reactive power
=V i inv s
Vs = voltage of the electric grid H "
Lc = Inductance of the coupling inductor Ly
¢ = Phase difference between voltageandV, ; "
f = Frequency of the system. Mﬂ,
iz kS
In order to have reactive energy transfer betwdss t v

inverter and the electric grid, one has the neteséa voltage
amplitude difference between them. If the volt&fés bigger
than voltageVs, but in phase, the inverter provides only
reactive power to the grid (capacitive mode). Oa dther
hand, is the voltag¥; is smaller than voltag¥,, but still in
phase, the inverter absorbs reactive power from gtid
(inductive mode).

(d) Absorbing active power and supplying reactive power

Figure 1. Phasorial diagram of the inverter operati

All functions described previously, absorption engration
of active and reactive power can be controlled redeently.
Thus, any combination of active power and reagboever is
possible. So, the active power that the systemrgta®in its
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DC terminals, through a store or generation systésn,
provided by the inverter to the grid. On contrahg changed
reactive power is provided by the internal chandsties of the
inverter, as a function of the commutation operataf the
switches.

The active power of the inverter is determined hmy value

of the power provided by the PV system and by the

performance of the inverter. To a specific value aotive
power, the reactive power provided or absorbecbyiriverter
is limited by the nominal apparent power, as shiigure 2.
Commonly, the power of the inverter is determined the
maximum active power provided by the PV.

Figure 2. Operational modes of the inverter

I1l. CONTROL TECHNIQUE AND POWER CIRCUIT

The main objective of the control system of theeiter
comprises of setting the power angle, in accordavitte the
provided energy by the photovoltaic system, cagyut the
control of the voltage Vc of the DC bus capacitehere the
PV is connected, to a fixed value. Thus, it prosiceore or
less active power to the electric grid in accordandth the
variation of the generated energy. This energy gbarwith
insolation level. Furthermore, this system hasabgctive of
changing the magnitude of the voltage vector initherter
terminals, doing the inverters absorb or genera&ctive
power to or from the grid, in accordance with tleeessity of
the grid. So, when there is few or none energyegdion by
the PV, in case of cloudy weather or during thehfighe
idleness of the grid is used.

This aim can be achieved changing the active aadtive
power flow between the equipment and the electrid, g
through the activé, and reactivé, components of the current
vectorl, respectively, as shown in figure 1.

In relation to equations (1) and (2), and in acaaa® with
the analysis carried out, statements of table lbeagiven:

3
TABLE |
INVERTER OPERATION
Case Invertel
P>0 Supplying active power
P<0 Absorbing active power
Q>C Supplying reactive powe
Q<C Absorbing reactive pow

From all above, as shown in figure 1, it can bendéat, in
order to control the flow of the active and reaetpowers of
the inverter, it should act in the components afentsl, and

I, respectively. Such components can be alternated b

working properly with the inverter, so that voltaygk is
provided in its terminals and currenks and I, are set in
suitable values to the desired compensation.

The full system comprises of PV, boost convei€&/DC,
capacitor in the DC side (Cdc), full bridge inventgth PWM
control of the switching frequency, filter (Lf and Cf),
coupling inductor of the side AC {), voltage and current
sensors, and control. The structure of this sysseshown by
figure 3. Measured variables of the inverter cireme: voltage
DC of the capacitor (V'dc), voltage of the electgiad (\Vgrid)
and the current of the PV (Ipv).

The boost circuit is used to realize the maximumvgro
point tracking (MPPT) for the PV array output. The
incremental conductance method for MPPT is used [&r

PV System
DCIDC Boost
Converter
I

Cdc

i Coupling
Capacitor Flter

Inverter
L inductor
Lc

K} E

Electric grid

= Cr

£t

PWM

|PVl Vgridl

Figure 3. Power system and control of the PV cotatk the electric grid
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The closed loop control of the DC link voltage is
needed because the output power of the PV arragriable
with the insolation level and the temperature & tlells. The
error between the measured DC link voltage V'dc dmel
reference DC link voltage Vdc is used to contra thutput
active current of the inverter. Let the referendg Iibk voltage
be the negative input and the measured voltagbépdsitive
input. When the measured DC value is higher tham th
reference DC value, the error is positive and theeiiter
produces the active power. The more the errorbee the
output of the active power. When the measured DiGevis
lower than the reference DC value, the inverterelses or
stops delivering the active power.
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The control should also set the output voltage dogs of 3500
the inverter, so that this voltage increases omasses in
relation to the reference voltage amplitude duthéodecrease
of Ipv that is directly related to the fall of tivesolation level. 2500
So, in accordance with the need of the electrid, ghie supply
or the absorption of the reactive power by the iiterewill
increase following the decrease or the stop ofstngply of 1500
active power, doing the inverter not idle.

3000

2000

1000
IV. RESULTS AND SIMULATIONS 500 :
0 5
The software MATLAB was used in the simulations tc ; ; i | | i | ‘
obtain the results for the active, reactive, anplaagnt powers 2 4 6 8 fo 12 14 e
that are supplied to the electric grid. x10

Figure 04: Active, reactive and apparent powerpbeg by the inverter with

The inverter is used to supply active power fronD@ 0% of generation in the PV system,

source to the grid. To this application, the ingertis
associated to the PV modulus that acts as thisddés. 3500

The computational simulations are performed ineortb
analyze, under different generation conditions, phefile of
the active, reactive, and apparent powers.

Furthermore, to the development of this work, ¢
system model was used, where the DC referencegeoitathe
capacitor Cdc of the inverter is set to 390 Vdc the
simulation, while the nominal effective voltagereference of : : : :
the grid is 220 Vac. Nominal features of the sys®vhare: Fp .
3250 W, 390 V, to the condition of maximum poweiithw ‘ i
1000 W/n? of insolation level and temperature of’Z5. This
system is connected to a secondary one of a diitsibgrid.

As a reference nominal voltage of 220V was obtirie
means that reactive power need to be absorbed doygrit 25
when the voltage in below this value. On the othand, the x10°
voltage is above this value, it is with extra rmpower that Figure 05: Active, reactive and ap_pare_nt powerpkeg by the inverter with
needs to be absorbed from the grid. So, the costts the 25% of generation in the PV system.
inverter to supply reactive power to the grid whiemas a
voltage smaller than 220 V and to absorb reactoxeep from

the grid when it has a voltage bigger than 220 V. 250014
Parameters of the circuit used in the simulati@ensthown in
table Il 2000
TABLE Il 1500 b
PARAMETERS OF THE POWER CIRCUIT | | i i
fs Vdc Cdc I—f Cf I—c 1000} _________ ___________ ___________ ___________ ______ i
(kHz) (V) (MF)  (mH) (@F) (mH) 1 NNyt A Qi

18,00 390 500 0,8 60 5

e s A B S S e

Results obtained for the stable operation stateskaogn in ;
figures 4 to 11 that are active, reactive and ampigsowers to 16 18 2 22
the four operation conditions. This figures areididd in two _ _ _ Cox10°
situations: from figure 04 to 7 the grid voltagetisder the Figure 06: Active, rea:]ctlve and apparent powerpbegh by the inverter with
nominal reference value (220 V), demanding the riteveto 75% of generation in the PV system.
supply reactive power to the grid, and from fig8réo 11the
voltage of the grid is above the nominal referenedue,
demanding an absorption of reactive power from ghie.

These conditions of reactive power supply or aktsmmp
should act considering the nominal power limitleé tnverter.

Apparent power is S (VA), active power is P (W)dan
reactive power is Q (Var).
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Figure 07: Active, reactive and apparent powerpbeg by the inverter with  Figure 10: Active, reactive and apparent powergpkeg by the inverter with
100% of generation in the PV system. 75% of generation in the PV system.
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Figure 08: Active, reactive and apparent powerpteg by the inverter with  Figure 11: Active, reactive and apparent powerpkeg by the inverter with
0% of generation in the PV system. 100% of generation in the PV system.
3000 : ‘ ‘ .

Figure 4 to 7 show the active, reactive, and appgrewer
supplied by the inverter to the grid when is neaps absorb
reactive power (V<220 V). They are divided in faosolation
level: Case 1 is for insolation level equal to B&se 2 is for
25%; Case 3 is for 75%; and Case 4 is for 100%.

Based on the obtained results, some conclusionsbea
presented to the active, reactive, and apparenteow
generated under the simulated conditions.

The active power supplied by the photovoltaic eysto the
grid, shown in figures 4 to 7, present a good perémce in
relation to the control action, because it becotable after

_ | ; 1 | - o
3000; EE | o 5 3 some transient oscillations.

x 10°

Figure 09: Active, reactive and apparent powerpbegh by the inverter with
25% of generation in the PV system.

-1000

-2000
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In relation to the reactive power, the control weatk
properly, because it increased the reactive poweplg from
the inverter to the grid as the active power desgdadue to
the decrease of the insolation level and vice-vef$ds fact

becomes the system not idle, having the advantage o

compensating the reactive power when little acpesver is
generated.

With the power variation supplied by the PV, itnche
verified that an active power generation prevailsew the
insolation level is high. On the other hand, thecteve power
generation prevails when the insolation level is lr during
the night.

In relation to the apparent power, it remained widues
near the nominal power of the inverter, even wlih decrease
of the insolation level to zero, during the nigfthis is an
advantage of control model of PV systems usingrieve VSI
instead of CSl as it is currently done.

Figures 8 to 11 show the active, reactive, and rmpa
power supplied in case of the grid need that reagtower has
to be absorbed (V > 220 V). They are divided ingame four
conditions of the generation. However, to thisaitn, figures
present negative reactive power, meaning thatrtherier was
absorbing it. This has shown that the control wdrgeoperly
also with the necessities of the grid to this item.

V. CONCLUSIONS

Results of the simulation have shown that the cbsirstem
developed to set the power angle and the ampliafdthe
voltage and, consequently, to control the active seactive
powers supplied or absorbed by or from the gricseméed a
satisfactory performance for the analyzed photawoiystem.
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