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Abstract— This paper presents the implementation of
a grid connected photovoltaic system with harmonic
compensation. Using only one dc-ac converter in
photovoltaic energy conversion process, the system
presents increased efficiency when compared to the
conventional systems, composed by a dc-dc converter
and a dc-ac converter. The system can be controlled for
current harmonics and reactive power compensations
simultaneously by using the converter also operating
as active shunt filter. The synchronous reference
frame method is chosen to control the converter and
experimental results, corresponding to the operation
of the photovoltaic system controlled by digital signal
processor, are presented.

Keywords - Converter control, Power Quality, Renew-
able energy systems, Solar Cell Systems, Vector control.

I. INTRODUCTION

In Brazil, the main energy resource is the hydraulic and
it has the advantage of not introducing harmful substances
or products into the environment, but the ambient impact is
significant. A study made by the Universidade de Sao Paulo
and the Greenpeace suggests the use of new energy resources
to decrease the harmful substances in the air. This study shows
that in 2,050 the energy electric utilization would be four
times higher than today and in according to specialists this
situation would be inviable. Therefore, the purpose would be
to increase the use of renewable energies. The projection for
2,050 is that the solar energy participates with 4% of the
renewable energies in Brazil. However, the participation of
the solar energy in Brazil can be higher with the improvement
of the Photovoltaic (PV) cell. In the conventional cells used
today, the efficiency is only 22%. The American Company
Spectrolab is testing a PV cell of concentrated light capable
of transforming in electricity 40.7% of the solar rays that
reach it. This means that this technology is twice more
efficient and it can be the first step of a revolution in the
energy business. Companies equipped with this technology
will generate electricity from 8 to 10 cents of dollar per
quilowatt/hora, that it is almost the same of the energy
generated by termelectric utilities.

A way of using PV energy is in a system of distributed
energy as an auxiliary energy resource. This system utilizes
a high number of photovoltaic panels and it does not have
energy storage because all generation is delivered to the grid.
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All array is connected to converters that act as interface
element between the panel and the grid, to adequate the
dc waveforms from the panel to the ac waveforms needed
to connect to the grid. These converters must satisfy the
exigences of quality and safety in such a way that the grid
does not be affected.

Strict regulations have been applied to equipment con-
nected to the grid. Some of these regulations are related
to harmonics distortion and power factor [1]. Passive filters
have been traditionally used to absorb harmonic generated by
nonlinear loads. They have the advantage of being simple and
cheap. However, the passive filters have some problems like
resonance that discourage their use [2][3]. With the advent of
fast commutating switches, the Active Filter (AF) appeared as
a better way to eliminate harmonics related problems and it is
becoming a cost effective solution [4][5]. The shunt AF was
the first AF alternative to mitigate harmonics problems [4].
The approach is based on the injection of harmonics currents
into the ac system, of the same amplitude and reverse phase
of the load current harmonics [6][7].

On the other hand, the rising complexity of power elec-
tronics applications and their control techniques require an
increasing use of microcontrollers and Digital Signal Proces-
sors (DSP). The DSP is a device that manipulates digital data
with the objective of generating control signals in real time.
With the recent advance of technology, the use of DSP have
becoming cost competitive and it will be only a matter of
time for these chips totally replace the conventional analog
control circuits.

The purpose of this paper is to present a PV system with
harmonic compensation for connection in a three-phase grid.
The system provides the functions of current harmonic and
reactive power compensations. A DSP is used to implement
the control of the system using the Synchronous Reference
Frame (SRF) method.

II. MAXIMUM POWER POINT TRACKING

The PV cell has the equivalent circuit shown in Fig. 1.
Considering that Rp (the PV cell shunt resistance) is very
large, the characteristic of a PV cell is given by [8][9]:

Ipy = I, = I, |exp (i (Vev = IpvRs)) =1 (1)

where Ipy is the PV cell output current, Vpy is the PV
cell output voltage, I, is the generated current under a given
irradiance, I, is the reverse saturation current, g is the charge
of an electron, A is the ideality factor for a p-n junction, k
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is the Boltzmann’s constant, 7" is the temperature and Rg is
the PV cell series resistance.

The currents I, and I, of the PV cell change with temper-
ature in according to [10]:

L=l e[ S (£-1)] @
S
Le[letKi(T-T) )5 O

where I, is the saturation current at 7., T, is the reference
temperature, E¢o is the band-gap energy of the semiconduc-
tor used in cell, I, is the short-circuit current at 7;. and S,.,
S, is the reference irradiance, K is the short-circuit current
temperature coefficient and S is the irradiance.

The same model presented for the PV cell can be used for
PV array, being necessary some modifications in the output
current equation. Considering n,, the number of parallel
connections and n, the number of series connections of the
PV array, the following modification in (1) must be done:

I =n,I; —nyl, {exp <AZ;TV_nIR%‘> - 1} 4)

where [ is the PV array output current, V' is the PV array
output voltage.

The study is for a grid connected PV system (Fig. 2) using a
1,848W PV array consisting of twenty four modules M .SX 77
connected is series. Each PV module has a maximum power
rating of 77W, which occurs at a rated voltage of 16.9V and
a rated current of 4.56A at S = 1,000 /m? and T = 25°C.
The modules have an open circuit voltage of 21V and a
short circuit current of 5SA for the same conditions. The
grid connected PV system was tested in simulation by using
Matlab. The cells were modeled by using equations (1), (2)
and (3).

A. Perturbation and Observation

The Perturbation and Observation (P&O) technique com-
pares the power of the previous step with the power of the
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Fig. 3: Characteristic of the output power of the PV module
for S = 1000W/m? and T = 50°C.

new step in such a way that it can increase or decrease
the voltage or current. This method changes the reference
value by a constant factor of current or voltage. It moves
the operating point toward the Maximum Power Point (MPP)
by periodically increasing or decreasing the array voltage or
current. The P&O method works well when the irradiance
does not vary quickly with time. However, with this method
the power oscillates around the MPP in steady state operation
and it is not good when there are fast variations of irradiance.

From Fig. 3, it can be seen that incrementing (decre-
menting) the voltage increases (decreases) the power when
operating on the left of the MPP and decreases (increases)
the power when on the right of the MPP. Therefore, if there
is an increase in power, the subsequent perturbation should
be kept the same to reach the MPP and if there is a decrease
in power, the perturbation should be reversed. A choice of
high values of perturbation (AV’) provides a fast tracking
for the MPP voltage. If the perturbation has low value, the
MPP Tracking (MPPT) is slower, but it has small oscillations
around the MPP.

B. Incremental Conductance Technique

In the Incremental Conductance (IncCond) technique
[11][12], the slope of power versus voltage characteristic is
used (Fig. 3) [11]. It can be identified in which point of the
curve the PV array voltage must be adjusted to reach the MPP
voltage. The equation in the MPP is:

dP
— =0 5
qv &)
Or, it can be expressed as:
ar d(Iv) _ al

Hence, the array PV voltage can be adjusted to the
MPP voltage by measuring the incremental and instantaneous
array conductance (dI/dV and I/V, respectively). When
dP/dV < 0, decreasing the reference voltage forces dP/dV
to approach zero; when dP/dV > 0, increasing the reference
voltage forces dP/dV to approach zero; when dP/dV = 0,
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Fig. 4: The flowchart of the IncCond technique.

TABLE I: Efficiencies of the P&O and IncCond techniques
with T = 50°C and Tvppr = 4Tpee

Irradiance P&O IncCond
conditions AV =25V | AV =1.0V | AV =1.0V

S = 500W/m? 99.9871 % 99.9981 % 99.9997 %

S =1,000W/m? 99.9884 % 99.9983 % 99.9998 %

reference voltage does not need any change. The flowchart is
shown in Fig. 4.

Due to the measurement noises and mainly to the discrete
process of the reference voltage, the condition % + j—{/ =0
usually will not be achieved. A practical aspect is considering
that the condition is true when it is between a tolerable
range (AG) around zero (—% < é + % < %). Similar
problems occur for the other comparisons in the technique,
dV = 0 and dI = 0. The solution is the same, substituting
zero by tolerable ranges. Therefore, the technique is modified
to have the flowchart shown in Fig. 5.

C. Comparison between P&O and IncCond Techniques

To confirm the capacity of the techniques extract the
maximum available power in the PV array, two steady state
conditions 500W/m? and 1000WW/m? are shown in Table I.
The efficiency of the MPPT techniques are obtained by:

TU c vdc
Tvldc fO " Pdi foT * Pt

1 Tvac - ’
T fO Py ppdt VaurppIvppTyde
vde

(7

NnMpPPT =

where T4 is the reference voltage period.

The comparison of efficiency for P&O and IncCond tech-
niques in Table I shows that these techniques present similar
efficiencies with the IncCond being a little better.
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Fig. 5: The modified flowchart of the IncCond technique.

Even in steady-state, the reference voltage in the P&O
technique oscillates around Vj;pp. These oscillations also
appear in i4 (Fig. 2). The currents that the PV system injects
in the grid are function of ¢4 that can be obtained by the
Park transformation, meaning that the currents injected in the
grid will be distorted. Figure 6 shows the reference voltages
and the grid currents in phase a obtained by the P&O and
IncCond techniques for a steady-state condition. In the P&O
technique, the grid currents are distorted, having low power
quality. When ¢py is much higher than the ¢, variation,
this effect is neglected. However, in many cases ¢py and
iq variation will have similar amplitudes. To decrease the
distortion, a low value for the proportional gain in the control
loop can be used, but the converter dynamics will be slower.
This dynamics implies in higher tracking time. Due to these
aspects, the IncCond technique is chosen as the best technique
to be implemented in the prototype.

D. Experimental Results

The experimental results were obtained by using power
measurements in the real ambient conditions. The grid con-
nected PV system shown in Fig. 2 is used to validate the
simulation results with the following procedure: from O to
7.5s, the reference voltage is linearly incremented to build
the PV array power curve. From 7.5s to 50s, a MPPT
method is used to track the maximum power point. Simulation
and experimental results for Perturbation and Observation
(P&O) and IncCond methods are shown in figures 7 and 8,
respectively. In these figures, the average power in simulation
is around 1489W and it was verified by using a irradiance
measurement that the irradiance was constant during the data
acquisition process. It can be seen a very good agreement
between simulation and experiment, showing that the PV
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Fig. 7: Simulation and experimental results for PO method.

array model used in simulations is valid.

The experimental results were obtained for a grid connected
PV system using a 1,848W PV array consisting of twenty
four modules M S X 77 connected is series. The prototype of
the system is composed of a converter (this converter is also
used as the shunt active filter) plus an output filter, a capacitor
set (dc link). Figure 9 shows the picture of the experimental
system. For the experimental results shown in this paper, the
parameters of the system are: line-to-line rms voltage 110V,
output filter inductor (1.8mH, 10A), inverter with 6 switch +
diode (1200V, 50A), dc-link capacitor (7mF, 900V).

The implementation of the system is done using a DSP
to process the control algorithm and generates the PWM
pulses. The current and voltage signals are sensed using Hall-
effect sensors and instrumentation amplifiers. This acquisition
system was built to decrease the amplitude of the signal
references to a range between zero and 3 volts and the
output signals have the additional characteristic of a low
output impedance with the objective of wasting as little time
as possible in the analogue-digital conversion. A DSP is a
specific device to manipulate digital data that are measured by
analogue-digital converters with the objective of processing
these data as quickly as possible to generate output signals

690

S
= 400
2 -
S 2007 X4 == -Simul |
> \" — Exper
g o
<
TSPl e ot - < e e~ o
=4
e .
5 - - - Simul
S Exper
Zo
< 2000
=S D TR
$ 1000 - - -Simul
o
S ‘ ‘ ‘ ‘ Exper
o 0
0 10 20 30 40 50
Time (s)
Fig. 8: Simulation and experimental results for IncCond
method.

Fig. 9: Picture of the experimental system.

to control systems in real time operation.

The TMS320F2812 used to implement the control sys-
tem can be classified as Digital Signal Controller (DSC).
Combining the computational capacity of DSP with memory
and peripherals like analogue-digital converters and event
managers in one single device, it is possible to have an
effective solution on digital control in real-time. In a general
way the DSC can be considered a DSP device. The DSP
TMS320F2812 used in the implementation of the control
system was a fixed-point DSP with capacity of processing
150 millions of information per second using fixed-point with
words of 32 bits. All operations in the control strategy are
done in Q.22 notation. The architecture of this kind of DSP
is based on Harvard architecture, so two independent buses
systems exist: one for the program memory and other for data
memory. Hence it facilitates the access to the memory map,
decreasing the time to access the memory. The memory space
is divided in program and data space. There are different types
of memory: flash, RAM (SARAM), expanded SARAM and
boot ROM memory.

For the implementation of the control system it is necessary
to use 8 of 16 channels of the analog to digital conversion
module. Each signal spends at least 200ns to be converted.
The analog to digital conversion module has resolution of
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12 bits and it was configured in cascaded mode, which
means that all channels were converted one by one and
once a conversion is completed, the selected channel value
is stored in the respective result register. Once the analogue-
digital conversion is concluded, a low-pass finite impulse
response filter is used to separate the harmonics from the
fundamental component of the load current for compensating
current harmonics and reactive power. This filtering is done
using the dq components, in such way that it is only needed to
filter the dc component of the signal with a cutoff frequency
of approximately 20Hz. The SRF-based controller is strongly
influenced by the Phased Locked Loop (PLL) performance.
The SRF method can be improved if the characteristics of the
PLL are changed.

The switching frequency of the system is 20KHz and a
counter with an interrupt routine was used to give a basis of
time to impose this frequency. It means that in each 50us,
the output registers of DSP need to be changed. The event
manager is responsible for the generation of this basis of time
to calculate the switches duty cycle. This peripheral is able to
produce hardware signals directly from an internal time event.
The interrupt system of DSP consists of 16 types of interrupts;
two of them are non-maskable and 14 are maskable. Each
16 types of interrupts have different priorities. The interrupt
called ADCINT (maskable hardware interrupt) was used to
impose the frequency to the system. This routine is always
initialized in the end of the last signal conversion and a
counter called TxCNT is responsible for making sure that
the analogue-digital conversion will be started at each 50.s.

III. PLL INFLUENCE ON THE SYSTEM RESULTS

The PLL of Fig.10, used in SRF method, called SRF-
PLL, under undistorted and balanced supply voltage yields
to good results. However, under distorted and/or unbalanced
supply voltage, the angle in the output of SRF-PLL can not be
correctly estimated. The experimental results were obtained
by simulating a short-circuit in one phase, having the effect of
a voltage sag at the point of connection of the PV system in
phase b (Fig. 11). The voltage sag in only one phase makes the
system have negative sequence voltage. The high bandwidth
of the SRF-PLL increases the problems related to voltages
unbalance. To reduce the effects of this unbalance, the PLL
bandwidth can be reduced [13]. The SRF-PLL experimental
response for two different bandwidth are shown in Fig.12 and
Fig.13. It can be seen that the phase angle from the SRF-
PLL reference angle in Fig. 12 presents lower distortion than
the phase angle in Fig. 13. The first case (Fig. 12) was an
experiment with a low bandwidth and the second case (Fig.
13) was an experiment with a high bandwidth. The J-TAG
peripheral allows watching variables while the code is running
in real-time, without any delay to the control code. Figures
11- 13 were captured using J-TAG peripheral.

The SRF-PLL has some limitations: the true amplitude of
the positive sequence component is not detected, the dynamic
response of the system is very poor and under unbalanced
supply voltage the PLL response is not good as is shown in
[14].

The PLL proposed in [14] is called Double Synchronous
Reference Frame PLL (DSRF-PLL) and in this paper it is
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Fig. 11: Experimental three-phase grid voltages.

implemented to be experimentally compared with the SRF-
PLL. With the DSRF-PLL is possible to get the positive
sequence reference vj[l required to implement this reference
extraction strategy. The control loop bandwidth of the DSRF-
PLL can be increased in relation to the SRF-PLL and the
amplitude of the positive sequence voltage component can be
detected accurately. The principle of DSRF-PLL is decouple
the positive and negative sequence of a voltage vector. It is
supposed that a vector consisting of two generic components
is rotating with nw and mw frequencies respectively, where
n and m can be the positive and negative sequence +1 and
-1. It will be considered two rotating reference frames, dq™
and dq¢™, whose angular positions are nf’ and mé’, being ¢’
the phase angle of PLL (Fig. 14).
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on the mean value of the signal in the dq¢™ axis, and vice
versa. The decoupling cell is shown in Fig.15. In the Fig.16
is shown the block diagram of DSRF-PLL where n = +1
and m = —1. The decoupling cell can be used to mitigate the
influence of some harmonic as done in [14]. Considering the
scheme to prevent the negative sequence in the obtention of
the angle it is possible to find the experimental results of Fig.
17. The voltage sag in only one phase makes the system have
negative sequence voltage as shown in Fig. 17. The correct
angle capture makes possible the recovery of voltages with a
unbalanced supply voltage.

IV. PV SYSTEM WITH ACTIVE FILTER FUNCTION

In the grid connected PV system with active filter function
(Fig. 18), when the sun is available the inverter operates con-
verting the energy from the PV array as well as compensating
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harmonic and reactive power. The IncCond method keeps
the maximum power in the PV array and the controller can
compensate harmonic and reactive power effectively as shown
in figures 19-25. In figures 19-25 the grid voltage, the grid
current and the load current in phase a are shown from top to
bottom. Figures 19-23 were obtained under undistorted and
balanced grid voltage. Figures 24 and 25 were obtained by
simulating a short-circuit in one phase, having the effect of
a voltage sag at the point of connection of the PV system in
phase b. Figures 21, 23 and 25 show that the grid current is
displaced by 180 degrees from the grid voltage because it is
generated more power from the PV array than that needed
for the load. Therefore, in this case the PV array supplies
the load and injects power for the grid. When the sun is not
available, the system operates only as harmonics and reactive
power compensator (figures 19, 22 and 24). In this case, the
grid current is in phase with the grid voltage showing that the
load is supplied by the grid.

V. CONCLUSION

The topology implemented in this paper improves func-
tionality in grid connected photovoltaic generation systems.
The excellent performance of the system is verified from
simulation and experimental results. The voltage waveform
in the photovoltaic array follows the reference voltage for
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all irradiation conditions. Besides that, the controller also
compensates current harmonics and reactive power. The use
of digital signal processors, with the recent advance of tech-
nology, has becoming cost competitive and it will be only a
matter of time for these chips totally replace the conventional
analog control circuits.
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