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Abstract 
Grid-connected photovoltaic   (PV)   power   plants   for   supplying   the additional service of reactive power compensation to the 
distribution grid. A control strategy has been developed for controlling both real and reactive power exchanged with the 
distribution network.  The paper suggests how the real and reactive power references should be selected in order to maximize the 
electrical energy generated by PV arrays and to gain the apparent power of the inverter close to its rated value. The choice 
suggested for reference signals allows reactive power compensation service also when the solar irradiation is poor. The control 
strategy is then applied to a sample grid-connected PV unit, which has been simulated in Simulink environment. Numerical 
simulations show that, using sudden disturbance & observe algorithm, the maximum power point tracking is achieved in about 
few seconds, both at starting and when the irradiation changes. The inverter is also capable of giving without interruptions the 
reactive power support to the grid. 
 
Keywords:PV power plants, DC-DC power conversion   Pulse   width   modulated   inverters,   Reactive   power 
control,Maximum Power Point Tracking control (MPPT). 
 
1. INTRODUCTION 
Federal   Energy Regulatory  Commission  (FERC) defined  that ancillary  services  are “those  services  necessary   to  support  
the  transmission   of electric power from supplier to consumer given an act of control  areas  and  transmitting  utilities  within  
those  control areas  to  maintain  reliable  operations  of  the  interconnected transmission system”. FERC identified six ancillary 
services: reactive   power   and   voltage   control,   loss   compensation, scheduling and dispatch, load following, system 
protection, and energy imbalance.  Among these services, power electronics converters seem to be more suitable for providing 
reactive power and voltage control. Traditionally, the voltage regulation has been performed on transmission lines, because 
distribution networks were passive networks. The diffusion of renewable energy sources directly connected on the distribution 
networks & can be achieved by compensating the reactive power required by the users. The knowledge   of the suitable quantity of 
reactive power necessary for the compensation can be performed at system and local level.  The first one can be provided only by 
the system operator, who has sufficient information to know what the state of the grid. Local voltage regulation is instead a 
customer service, designed to  
i)  meet customer reactive power requirements, 
ii) control each  customer’s  impact  on  system  voltage  and losses and  ensure   that  power-factor   problems   at  one customer 
site do not affect power quality  on the other system. 
Primarily voltage regulation is aimed at maintaining voltages within certain ranges, but is also concerned with minimizing large 
variations   in   voltage   and   harmonic   distortion. Voltage is traditionally controlled by the turn ratio-changing devices   (e.g.,   
transformer   taps   and   voltage   regulators), reactive-power-control devices (e.g., capacitors, static-var compensators and 
synchronous condensers) and harmonic-control devices (active power filters) [3-6]. In this case, some customers can provide to the 
network this ancillary service. Therefore, the power factor of the currents injected into the grid by each device can be adjusted in 
order to compensatethe reactive power either of customer’s loads or also of other customer’s loads [1]. However, with the same 
real power, the presence of reactive power increases the apparent power of the equipment’s (e.g., generators, power converters, 
reactors and capacitors) and, hence, their capitalcost. When the electrical energy conversion is made with photovoltaic arrays, an 
intermediate converter is needed for the connection to the grid. This converter is usually made by two stages [2]: the first stage is a 
dc-dc converter, whereas the second is an inverter synchronized with utility grid. The dc-dc converter boosts the voltage of 
photovoltaic arrays up to values suitable for the PWM modulation of the inverter. Moreover, a Maximum Power Point Tracking 
control (MPPT) is usually implemented on the boost converter for extracting the maximum power available from the solar source. 
Finally, the inverter supplies to the grid the power generated by the photovoltaic array with the desired power factor. 

In this paper a control capable  of  matching  PV  generated  power  with  the  power given  to the ac grid  in any working  
condition  is proposed. Moreover, the ancillary service of compensating   reactive power is available also when PV source does not 
generate. In order to exploit at the best the generating capabilities of photovoltaic arrays, the apparent power of the inverter has to 
be at least equal to the peak power of the arrays themselves. When the active power of photovoltaic arrays is lower than the MPP 
the inverter does not operate for its full capabilities. In these conditions, the inverter can be used for reactive power compensation 
up to its rated apparent power, providing then an ancillary service to the grid.  This can be achieved in practice only with a suitable 
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control strategy of the boost converter and the inverter that is presented in this paper. The control is referred to the synchronous 
rotating frame in order to separate the two components of the current respectively responsible for the active and reactive power. 
The reference direct current, responsible for the active power, is given by the MPPT control and by the dc-link voltage control. This 
choice of the reference power guarantees that the maximum power is extracted by photovoltaic arrays in each irradiation and 
temperature condition. Numerical simulations prove that the boost-converter control is very effective in tracking the maximum 
power available from photovoltaic array, whereas the inverter control presents good decoupling capabilities against changes in the 
references of direct and quadrature currents. 
 
2. MODELING OF POWERCIRCUIT 
Photovoltaic arrays generate power in dc. In order to supply energy to the grid, an intermediate dc-ac switching power converter is 
needed. In this study, a double-stage converter is used, made of a boost dc/dc converter in cascade to a PWM modulated inverter. 
This converter topology is capable of exploiting PV power better than a conventional inverter, especially during the periods of low 
solar irradiation. The inverter   is connected   to the   ac power   by   means   of a transformer, which matches inverter and grid 
voltage levels and guarantees electrical insulation between PVs and mains, and a LCL filter that reduces harmonic content given 
by the modulation of the inverter.  Moreover, it is supposed that a load,   drawing   constant   active   and   reactive   powers,   is 
connected to the mains. A schematic of the PV plant simulated in this paper is shown in Fig. 1. 
ThePVarrayshavebeenmodelledbya voltagesource controlledby theirsuppliedcurrentaccordingto thefollowing law. 
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Where Iph, I0, VTand rPVare electrical parameters dependent on the  solar  irradiation.  These  can  be   calculated  for  each 
irradiation, starting fromtheknowledgeofthe open-circuit voltage,the short-circuitcurrent,themaximumpowervoltage 
andthemaximumpowercurrents.Thecurveof thePVarray underconsiderationis depictedin Fig.2 forthestandard 
irradiationof1000W/m2.Theswitchesandthediodesof bothpowerconverterare consideredideal 
withinstantaneousswitchingcapability. 
 

                                  
Fig. 1. A grid-connected photovoltaic power plant                         Fig. 2.  Monocrystalline PV array Curve observed 

 
The rated  real  power  of  boost  dc/dc  converter  is  equal  to  the maximum power deliverable by PV arrays when irradiation is 
1000 W/m2, i.e. Pdcdc  = PPV,max. If the reactive power offered to the grid for the ancillary service is Qn and the mean efficiency of 
the dc/dc converter is ηdcdc, the rated apparent power of the inverter is given by 

  22
max, ndcdcPVinv QPS   (2) 

 
If the inverter efficiency is ηinv, the ratedapparentpower ofthetransformerisStrans=Sinvηinv.The filter blocks high frequency 
harmonics generated by the PWM switching. Some papers published in the technical literature proved that LCL filters achieve 
better performances than those of traditional L filters [7, 8].  In order to size remarked. First of all, an additional resistor should be 
added for damping filter response at the resonant frequency of the filter.Theresistorcanbeaddedeitherin seriesorinparallelto the 
capacitor.Althoughthe parallelconnectionis more convenientintermsof harmonicsuppressionforfrequencies higherthantheresonant 
frequency, agooddampingcanbe achieved onlywithlowfilterefficiency. Therefore, aseries 
connectionoftheresistancehasbeenselectedinthispaperfor the filter shown in Fig.3 

 
Fig. 3.  Circuit of the LCL filter used for harmonic suppression 
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The inductance L1 can be selected on the basis of the current ripple desired on inverter side at the switching frequency fsusing the 
following relationship 

)(2
1

1
sinvs fGrf

L              (3) 

Where Ginvis the inverter gain, evaluated at the switching frequency. If the leakage inductance of the transformer is greater than 
the value given by (3), the inductance L1 can be omitted, simplifying the filter circuit. If the nominal active power of the inverter is 

Pnwith power factor equal to 1 and the nominal line to line voltage is Vnthe equivalent impedance is 
n

n
L P

VZ
2

  .If the resistance 

R1 of the inductor L1 can be neglected and the efficiency of the filter is ηf, the damping resistance is approximately equal to  
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Whereωn= 2πfnand fnis the nominal frequency of the grid. In order to find the value of R, it is necessary to verify that equ(4) has 
real roots given by 
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The roots depends both on C and L2. Another relationship between C and L2 can be carried out putting the resonant frequency, fr, 
in the range between ten time the grid frequency and one-half of the switching frequency. This choice is a good compromise 
between the necessity to have the cut-off frequency above grid frequency and below the switching frequency. If ωr= k 2π fr, the 
inductance L2 can be calculated as a function of C solving for L2 the following algebraic equation 
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If R ≅0,equ (6) can be written as 
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Where in (8) only the bigger root, corresponding to the resonant frequency, has been considered. Substituting (8) in (5), the 
following cubic equation is obtained 
 

          0121412 1
22

1
222

1
2

1
232

1
24  LfLrfrLnfrfLnfLrLrnf RCLRLRCLRLRCLR         (9) 

Equation (9) puts in evidence that the product of the roots is always negative and the first coefficient is always positive. Therefore 
if there is only one real roots or there are three real negative roots, the inequality is always satisfied, because C > 0. If there are one 
negative roots and two positive roots, it is necessary to select a capacitance at least equal to the bigger positive root. The capacitor 
is usually sized as a percentage of the equivalent impedance  

LnZ
hC
100

           (10) 

Thus if this value satisfies (9), it can be selected as the capacitance value; otherwise the biggest positive root of (9) should be 
selected. Once the capacitor has been sized, the inductance L2 and the resistor R can be respectively sized by using (8) and (4). 
 
3. CONTROL SYSTEM DETAILS 
The main goal of the system is the generation of the maximum allowable power given by the PV source. However, the converters 
can be controlled to accomplish also some ancillary services as harmonic compensation and/or reactive power generation. In this 
paper it will be focused on the reactive power generation that can be ensured, by the system, also when PV source is not available 
(i.e. during night-time). In order to achieve the correct operations of the PV generation unit, the control system has to implement 
more than one function. In particular it has to realize the following controls: 
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3.1PLL algorithm 
The PLL is necessary to watch the grid voltage and to establish the voltage to be realized at the VSI output in order to inject the 
desired active and reactive power. The PLL algorithm implemented is the traditional PLL for three phase networks [8]. In 
particular, the grid voltages are transformed into the rotating reference frame supposing an initial rotating speed and position of 
the Park axes. The quadrature voltage is used as input for a PI regulator, whose output is the estimated angular speed of the 
rotating frame. The reference frame position is obtained by integration of the angular speed and used for the transformation at the 
next step. The PI regulator, acting on a feedback chain, forces its input to zero and so it individuates the position of the grid 
voltage space vector. 
 
3.2 MPPT algorithm 
The MPPT algorithm has the goal of following the maximum power point of the PV panel. In the technical literature, many MPPT 
algorithms have been proposed. For simplicity, in this paper a modified P&O algorithm is implemented. As well known, the 
power versus voltage characteristic of the PV panel is not symmetrical on the two side of the MPP. So, in order to obtain at the 
same time a good dynamic response of the system and an acceptable stability at steady-state, a variable perturbation step size 
should be chosen [7]. In the following, the PV characteristic is split in two regions: vPV< VMPPand vPV> VMPP. In these regions two 
different perturbation amplitudes are used. The MPPT function is realized acting on the duty-cycle of the boost converter. The 
duty-cycle is obtained by means of a feedback chain and a PI regulator modifies PV voltage until the panel works at its MPP. The 
implemented MPPT algorithm gives the PV voltage reference. It is worth to note that the PI regulator has negative constants, 
because if the PV output voltage has to be increased, the duty-cycle has to be decreased. This is explainable taking intoaccount 
the panel IV characteristic,shown in Fig. 2. From this characteristic, when the PV voltage increases, the impedance at the PV 
terminals increases too. For a boost converter it is 
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Where Vdcand Idcare the converter output voltage and current, Zoutis the equivalent impedance viewed at converter output 
terminals. For a fixed output impedance, an increasing of the impedance at the PV terminal is obtained reducing the duty cycle D. 
 
3.3 Stabilization of the dc voltage and generation of the required reactive power 
The VSI inverter regulates the active and reactive power flows. In order to optimize the control response, this regulation is realized 
on a synchronous reference frame. The reference of this frame is the output of the PLL above described. While the breaker between 
the inverter and the grid is open, the control system tries to replicate the grid voltage with the PLL algorithm. In this case, the 
closing of the breaker should cause no current flow. When the breaker is closed, the control system starts to regulate active and 
reactive powers to the reference values. In particular, knowing the grid voltage, the active and reactive power references can be 
easily transformed into direct and quadrature currents 
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where it has been taken into account that it is Vq= 0 for the action of the PLL.The output reference signals of direct and quadrature 
components of the inverter voltages are obtained by means of two PI regulators. A feed forward action that takes into account the 
actual values of the grid voltages are used to speed up the regulators. Moreover, another feed forward component is used to 
decouple the direct and the quadrature chains. In Fig. 4 it is reported the control scheme. The direct and quadrature reference 
voltages are then used to generate the driving signals of the VSI, using a traditional PWM technique. In particular, with an 
inverse Park transform the voltages reference for the three phases are obtained. These signals are then compared with a carrier 
triangular signal to generate the driving signals of the components. 
 
3.4 Reference signals 
The choice of the active and reactive power references is the last step of the control. In practice, the reactive power reference is 
given by the needs of the grid, but limited by the ancillary services that has to be realized. In the following, a constant reactive 
power reference will be taken into account. This reference will be followed by the control system both when the PV systems are 
generating and when the available active power is nil. The active power reference allows the injection on the grid of all the power 
generated by the PV system and, at the same time, regulates the dc voltage level. For this reason, a regulator on the dc voltage has 
been added in the control system. 

                    
Fig. 4.  Control block diagram of the real and reactive power control          Fig. 5.Active power reference signal 



International Journal of Application or Innovation in Engineering & Management (IJAIEM) 
Web Site: www.ijaiem.org Email: editor@ijaiem.org, editorijaiem@gmail.com  

Volume 2, Issue 11, November 2013   ISSN 2319 - 4847 
 

Volume 2, Issue 11, November 2013 Page 131 
 

However, in order to decouple the intervention of the inverter from the action of the boost converter connected to the PV 
panels, only a proportional regulator has been set up. A feed forward action, giving the actual generated power, yields the 
basic reference, whereas the proportional regulator ensure that the dc voltage is maintained around the reference value. In Fig. 5 
this control scheme is reported. The power generated by the inverter is filtered with a lowpass filter, to decouple the inverter 
control from MPPT oscillations. 
 
4. NUMERICAL SIMULATIONS AND DISCUSSION 
In the case studied in this paper, the nominal power of photovoltaic array is Pn= 100 kW and it is connected to a typical European 
low-voltage grid, having Vn= 400 V and f1 = 50 Hz. The transformer has a short circuit voltage equal to 4% and a short circuit 
power factor equal to 0.4, typical of insulation transformers. The series parameters of the equivalent circuit can be     then 
calculated by known relationships and are given in Table 1. The inverter is controlled by a PWM technique with a switching 
frequency fs= 10 kHz Selecting an inverter harmonic suppression at the switching frequency equal to 1%, the minimum required 
inductance L1 = 1.6 mH. Since the leakage inductance of the transformer is less than this value, the input inductance of the filter is 
needed, i.e. L1 = 1.4 mH. The required inductance of the filter can be also obtained by building a special transformer with greater 
leakage inductance and simplifying the layout of the filter. Moreover, selecting a theoretical filter efficiency ηf= 0.9999 without 
considering the losses of R1, h = 1 (the filter capacitor draw a reactive power equal to 1% of the rated active power delivered to the 
grid) and k = 0.5 (the resonant frequency is one-half of the switching frequency), the parameters of the filter are finally given in 
Table I. The presence of the resistance R1 reduces the actual efficiency of the filter in rated conditions down to 0.9842. The Bode 
plot of the filter obtained is shown in Fig. 6 and is compared with that obtained by a traditional L filter having inductance equal to 
L1 + L2. The plot confirms that the LCL filter has better performances than L filter for all the spectrum. Moreover, it shows that the 
resonant frequency occurs for the half of the switching frequency, as expected, and that the damping is very effective, because 
when f = fsthe gain of the filter is about −45 dB. The simulated PV source is constituted by 80 strings connected in parallel; each 
string is made with 15 panels connected in series.  
 

Table 1. Parameters of the LCL filter and transformer 
RT [Ω ] LT  [μ H] L1[mH] L2[μ H] R[Ω ] C[μ F] 
0.026 187 1.4 52 1.6 20 

 

 
Fig. 6. Bode plot of the transfer functionof the LCL proposed filter 

 
The basic panel is a 40 W panel, whose characteristic is reported in Fig. 2. The maximum power of the plant is about 50 
kW, whereas the open circuit voltage is about 380 V. All the operative conditions of the generation system have been 
simulated. The constants of the regulators used for active and reactive power controls, together with those of the voltage 
control are reported in Table 2. 
Table 2. Constants of the pi regulators used in the simulations 

 Active Power 
Regulator 

Reactive Power 
Regulator 

Active Power 
Reference 

Kp 25 25 100 
Ki 100 100 - 

 
Fig.7. Activeandreactive powers due tochanges ofsolar irradiance 
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First of all, the PLL algorithm is executed up to lock the grid voltage. Until the system works disconnected by the grid, the 
boost converter is disabled and the PV open circuit voltage is equal to the VSI input voltage. At t = 0.5 s, the circuit breaker is 
closed and the system is connected the grid. The MPPT algorithm beginsto operate when PVs are at their at their open 
circuit voltage. The reactive power reference is 10 kVAr, whereas the active power reference is obtained as above 
described. As expected, when the maximum solar irradiance condition is simulated the maximum generable power is 51 
kW.At the time t = 2 s, the irradiance  is changed  with a step down  to  0  for  showing  the  control  system  capability  
of keeping  uninterruptible  reactive  power  compensation.  After one second (at time t = 3 s) the irradiance is changed 
again to maximum value with another step variation. It is worth to note that in this case the MPPT algorithm has to reach 
the MPP starting from zero voltage condition.Also if the perturbation size on this side is 5 V against the 1 V size of the 
other side, the dynamic answer is slower.In Fig. 7 the active and reactive power are shown. It is clear that the reactive 
power is kept to the reference value independently on the active power.  Moreover, the active power reaches the MPP 
values both starting from the open circuit condition and from the short circuit condition.Thevoltageisequalto thePV 
opencircuitvoltageuntilthebreakeris closed.Then, boththegridcontrolandtheMPPTinjectpowerto thedcside and with an 
overshoot the reference value of 600 V  is achieved. 
 

       
Fig.8.Inverter dc-link voltage due to                  Fig.9.Currentinjectedbyinverteratsteady-state  

changes of solar irradiance                   &ratedirradiance 
 
Then, the voltage is kept around 600 V by thecontrolsystemalsowhenthePVpaneldoesnotgenerateat all (betweent =2 sandt 
=3s).Afterthesolarirradiancecomes backto thepreviouslevel,thedcvoltageoscillatesmuchmore than inthefirstMPPT 
operation. This isduetothelarger perturbationsizeused,asabovedescribed,to improvethe 
dynamicresponseintheregionwhereV<VMPP. Fig.9showsthecurrentgeneratedduringthegenerationof PVunit. 
TheTHDofthecurrentis2.0%andconfirmsthat boththecontrolsystemandthefilterarecorrectlydesigned. Finally, i n Fig . 10 
th evol t ag ea n d cur ren t d u r i n g t h e transitionconsequentto theirradiancereductionstepare reported. Obviously the phase 
delaybetweencurrentandvoltagechangesin ordertogeneratethereactivepoweralsoin absence 
ofpowerfromthedcside.Whentheactivepower suppliedtothelineis negligible,thecurrentismoredistorted becauseof 
thereducedfundamentalcomponent. 
 

 
Fig.10 Grid voltage and current during waves transition from maximum to zero irradiance 

 
5.  CONCLUSIONS 
In this paper, it is analysed and proposed the possibility of using PV sources to compensate reactive power in the grid. A control 
strategy for the power electronic converters is presented so that they achieve the MPPT function on the PV source and, at the same 
time it ensures reactive power compensation. A double stage converter is proposed. In the first stage, a boost converter 
implementing the MPPT algorithm. The second stage is a traditional VSI implementing the PLL function and controlling the 
active and reactive power fluxes. The active power is controlled to maximize the power generated by the PV source, whereas the 
reactive power is controlled to compensate the amount required by the network both when the PV source generated and during 
night-time. The proposed strategy has been tested by means of numerical simulations and the results show the effectiveness of the 
control proposed. The generation system is capable of following the MPP point of the PV source, to keep the dc bus voltage inside 
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acceptable values and to compensate the required reactive power. Moreover, the current injected in the distribution network 
presents a very low nearly 1.8% THD to the implemented control strategy and to a LCL filter efficiently designed for this purpose. 
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