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Abstract — This paper presents a system that provides
photovoltaic generation as well as the ability to
compensate current harmonics and voltage sags. The
system can be controlled for current harmonics and
reactive power compensation simultaneously by using a
converter operating as shunt active filter. Another
converter is used as active series filter and it compensates
voltage harmonics and voltage sags and swells. 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 synchronous
reference frame method is used to control the three-phase
converters. Simulation results demonstrate the good
performance  of the proposed  configuration.
Experimental results corresponding to the operation of
the series filter as voltage sag compensator are presented.

Keywords - Converter control, Power Quality,
Renewable energy systems, Solar Cell Systems, Three
phase systems, Vector control.

. INTRODUCTION

Photovoltaic (PV) energy has great potential to supply
energy with minimum impact on the environment, since it is
clean and pollution free [1]. A large number of solar cells
connected in series and parallel set up the PV or solar arrays.
One way of using photovoltaic energy is in a distributed
energy system as a peaking power source [2].

On the other hand, strict regulations have been applied to
allow any equipment to be connected to the utility lines.
Some of these regulations are related to harmonics distortion
and power factor. However, with the use of power
electronics, much equipment tends to increase the levels of
harmonic distortion. The line current at the input of a diode
bridge rectifier deviates significantly from a sinusoidal
waveform and this distorted current can also lead to
distortion in the line voltage. Moreover, most modern
equipments use digital controllers, based on microprocessors
which are sensitive to distortions in the voltage and current
waveforms. Therefore, in order to improve the PV system
utilization, the power conversion can be designed to also
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provide the functions of a Unified Power Quality Conditioner
(UPQCQC).

The utilization of two connected back-to-back, dc-ac fully
controlled converters gives the system the most versatile
structure of converters applied for energy conditioning. In
this case, depending on the control scheme, the converters
can have different functions of compensation. For instance,
they can behave as active series and shunt filters combined to
compensate simultaneously load current and supplied voltage
harmonics [3]. In this way, the equipment is called UPQC [4]
and many papers have discussed about the functions of the
UPQC [5-15]. The objective of this paper is to propose the
grid connection of the PV array trough the dc-link of a fully
controlled ac-dc-ac converter. Using this configuration, the
converters can be controlled to simultaneously maximize the
PV output power and accomplish the functions of a UPQC.

An active shunt filter is a suitable device for current-based
compensation [16]. This configuration includes current
harmonics and reactive power compensation. The active
series filter is normally used for voltage-based compensation
[16]. In this case, voltage harmonics and voltage sags and
dips are compensated.

Other applications can be found in literature, such as
reactive power compensation, active power control and
voltage regulation. In this case, it is called Unified Power
Flow Controller (UPFC) [17]-[18].

Conventionally, grid connected PV energy conversion
systems are composed of a dc-dc converter and a dc-ac
converter (active shunt filter) [1]-[2]. The dc-dc converter is
controlled to track the maximum power point of the
photovoltaic array and the dc-ac converter is controlled to
produce current in such a way that the system current has
low total harmonic distortion (THD) and it is in phase with
the utility voltage. The efficiency of the conventional system
is low because the dc-dc converter and the inverter are
connected in series. The proposed system eliminates the need
of the dc-dc converter and increases the conversion
efficiency, as shown in [19]. Using a dc-dc converter and a
dc-ac converter, the efficiency is at most 90% while without
using the dc-dc converter the efficiency is around 94%. One
of the dc-ac converters operates as power supply as well as
harmonic and reactive power compensator when the sun is
available. At low irradiation, the system operates only as
harmonics and reactive power compensator. The other dc-ac
converter is used to provide voltage harmonics and voltage
sag compensations. Cost estimation shows that the use of the
additional components needed for power quality
improvements increases the cost in less than 12%. Also this
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additional converter does not change the efficiency of the PV
energy conversion since the converters are connected in
parallel. The control was implemented with the synchronous
reference frame method. The system and controllers were
designed and simulated. Different pulse-width-modulation
(PWM) techniques have been compared to suggest a
configuration with optimal performance. The system
provides approximately 2.8 kW of photovoltaic generation.

I1. GRID CONNECTED PHOTOVOLTAIC SYSTEM

The proposed photovoltaic (PV) energy conversion
system has high efficiency, low cost and high functionality.
Figure 1 shows the block diagram of the proposed system.
The converter 1 (PV converter) in Fig. 1 is responsible for
converting the PV energy with Maximum Power Point
Tracking (MPPT) as well as for compensating current
harmonics and reactive power. The converter 2 (Dynamic
Voltage Restorer — DVR converter) in Fig. 1 is responsible to
compensate voltage harmonics and voltage sags.

The steady state fundamental components are sinusoidal
in the abc frame. To reduce the control complexity, the d-q
frame rotating at the supply frequency can be used. With this
reference frame the positive-sequence components at
fundamental frequency become constant [20]. To achieve
better control performance, a fast internal loop and a slow
external loop are used. The current and voltage controls are
achieved by using Pl compensators. The Phase-Locked-Loop
(PLL) circuit detects amplitude and position of the supply
voltage vector.

I1. MAXIMUM POWER POINT TRACKING

Figure 2 shows the control block diagram of converter 1
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Fig. 1. Proposed system: PV generation with UPQC function.

It has to track the maximum power point of the
photovoltaic array as well as to compensate current
harmonics and reactive power. When the system is operating
as photovoltaic energy generator, the MPPT controller is
used to calculate the reference voltage. When the system is
operating only as harmonic and reactive power compensator,
the reference voltage is constant [1].

It is important to operate the photovoltaic system near the
maximum power point to increase the efficiency of
photovoltaic arrays. A MPPT scheme often used is the
perturbation and observation method [21]. However, in this
paper, the slope of power versus voltage curve is used, which
decreases the oscillation problem and it is easy to implement
[1]. The output power of the PV array and the derivative of
the output power to the output voltage can be expressed as

in Fig. 1. P=V-I (1)
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Fig. 2. Control of the proposed system: PV generation / current harmonics and reactive power compensations.
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P ALy 2
av AV
Where:
P - PV array output power.
V - PV array output voltage.
I - PV array output current.
Al - Increment of the PV array output current.

AV - Increment of the PV array output voltage.

In the method, (2) is used as the index of the maximum
power point tracking operation (Fig. 3), where S is the solar
irradiation. 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, reference voltage does not need any change [1].

The complete system shown in Fig. 1 was represented in
Matlab and the performances of the MPPT scheme, active
shunt filter and DVR during the voltage sag were verified. A
short circuit in the power system, causing a voltage sag in Vs
was considered to occur from 0.02s to 0.12s. All simulation
results presented in this paper correspond to the operation of
the system in Fig. 1 during this disturbance. The reference
voltage generated by the MPPT algorithm has small
oscillation around the ideal voltage at the beginning and the
end of the short circuit (Fig. 4). The PV array voltage stays
near to the ideal voltage that is around 121V. Even during the
voltage sag, the MPPT algorithm presents very good results
with at least 99% of the PV maximum output power.
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Fig. 3. Characteristic diagram of the solar array.
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Fig. 4. MPPT controller: solar array output voltage.
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IV. CURRENT BASED COMPENSATION

In the supply voltage vector oriented reference frame, the
fundamental frequency positive-sequence components appear
as dc quantities [20]. Since the supply currents must have
sinusoidal waveforms and be in phase with the utility
voltages in the proposed design, the supply current vector has
only d-axis component. Therefore, the g-axis reference
current for the inverter is the g-axis load current [2]. The d-
axis reference current is composed of three parts: reference
d-axis load current (ign), reference dc link current (ig) and
reference photovoltaic array current (l,). The d-axis load
current is passed through a low pass filter that removes the
high frequency components in the d-q reference frame. A
first order low pass filter with a cut frequency of 20Hz is
used. Subtracting the d-axis load current from the filtered d-
axis load current, the result is the negative of the d-axis
harmonics. This value is used as the reference d-axis load
current since the positive current flows into the inverter.

The dc current component in the d-q reference frame
corresponds to the fundamental component of the real power
flowing to the load. The inverter dc link voltage controller
calculates the current necessary to maintain the dc link
voltage by passing the dc link voltage error through a Pl
compensator. The current obtained by the MPPT controller
corresponds to the real power available from the photovoltaic
array and it is subtracted from the other current components.

The modeling and control of the system is based on the
development presented in reference [20] and equations (3),
(4) and (5) in Fig. 2 are

Yy +@-L-1;—uy

Vg = v @)
Vg —w-L-ig—u

Vg = )
i :2-V-udc 5)
der 3'Vgrid

Where:

Vog - D-axis normalized reference voltage (converter 1).
Vag - Q-axis normalized reference voltage (converter 1).
vq¢ - D-axis grid voltage.

Vg - Q-axis grid voltage.

® - System angular frequency.

L - Inductance of the matching transformer.

ug - D-axis output of the current PI compensator.

ug - Q-axis output of the current Pl compensator.

Ug - Output of the voltage Pl compensator.

Vgria - Amplitude of the grid voltage.

Using the voltage vector oriented d-q reference frame, the
coupled dynamics of the current tracking problem have been
transformed into decoupled dynamics. By adjusting PI
compensators, a fast tracking and zero steady state errors can
be achieved. The results (Fig. 5 and Fig. 6) show that the
oscillating current harmonics injected by the inverter track
their references with high accuracy even during the voltage
sag. The dc link current increases, and so does the d-axis
current component, to keep the maximum power in PV array.
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Fig. 5. Tracking performance of the d-axis current loop.
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Fig. 6. Tracking performance of the g-axis current loop.

The controller can compensate harmonics and reactive
power effectively as shown in Fig. 7. The supply current and
the load voltage are displaced by 180° 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 into the system. It can be also seen that the
amplitude of the grid current increases from 46A to 67A
because of the voltage sag from 0.02s to 0.12s. The increase
in the grid current means that the energy to supply the load
during the voltage sag comes from the PV array since the
grid current and the load voltage are displaced by 180°.
Figures 8 and 9 present the load and supply current
harmonics components normalized by the fundamental
component, which is not shown to allow a better
visualization of the harmonics components.

V. VOLTAGE BASED COMPENSATION

Figure 10 shows the controller block diagram of converter
2 in Fig. 1. The voltage compensator is a system based on
power electronics that detects the feeder voltage and in case
the voltage is different of the desired voltage, it supplies the
necessary voltage to compensate the voltage error. It can be
used to compensate voltage harmonics at the point of
common coupling and voltage sags, keeping the load voltage
around its rated value.
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In this paper, it is presented the voltage sag compensation
control. Its use is more justified when many sensitive loads
are connected to the same feeder [22].

The system modeling and control are developed and
equations (6) and (7) in Fig. 10 are

Vg —@- L, “lgg +Ug

Vid2 = v (6)
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Fig. 10. Control of the proposed system: voltage sag compensation.
Vog + @ Lg iy +Ugy One of the methods for generating the reference voltage
Vg2 = Y (7)  consists of using a low pass filter in the output signals of the

Where:

Vg2 - D-axis normalized reference voltage (converter 2).
Va2 - Q-axis normalized reference voltage (converter 2).
Vog - D-axis injected voltage.

Voq - Q-axis injected voltage.

L. - Inductance of the filter.

Ugp - D-axis output of the current Pl compensator.

Uge - Q-axis output of the current PI compensator.

The voltage sag compensator (or DVR) is composed
basically of an energy storage system, a dc-link, a dc-ac
converter and a transformer (Fig. 1).

To find out which is the load reference voltage when
voltage sag occurs, it is necessary to determine the voltage
value before the sag. The output signals of a PLL are used to
inform in a very short time the values of Vy, V, and 6.
During voltage sags, the variations in the angle 6 originate
another synchronous referential rotated in relation to the
original reference angle 6* (Fig. 11).

q* A

> a, a
Fig 11. Reference axes system during a voltage sag.
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PLL. This filter has a slow dynamic response, in such a way
that the difference between the reference signal and the
supply signal is the voltage value that should be injected by
the DVR to compensate the sag.

« (8)
AV, =V, -V,
From Fig. 11,
Vo =Vq —V cosg - 0°) o
’ 9
Vourg =V ~Vsin(o-6")
Knowing that V* should be zero, (9) is simplified for
Vovrg =V —V cos(@ - 6"
DVR,d d ( ) (10)

Vourg =-V sin(0 - 6")

Where:
Vy - D-axis load reference voltage.
V, - Q-axis load reference voltage.
Vy - D-axis grid voltage.
Vq - Q-axis grid voltage.
Vpbvrd - D-axis DVR reference voltage.
Vbwrgq - Q-axis DVR reference voltage.

\Y - Grid voltage vector.
0 - Grid voltage vector angle.
¢ - Load reference voltage vector angle.

To determine the value of the reference angle 6%, instead
of filtering the angle 0 that is supplied by the PLL, it should
be filtered the value of w*. The output of this filter passes
through an integer, supplying the reference angle.
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A. Simulation Results

The controller can compensate voltage sags effectively as
shown in Fig. 12, which presents the phase 1 supply and load
voltages. Phases 2 and 3 also present effective compensation,
and rated voltage values are supplied to the load.

B. Experimental Results

The prototype of the DVR is composed of a controlled
rectifier (this converter will be used as the shunt active filter
in the future) plus an input filter, a capacitor set (dc link), an
inverter, an output filter and a series transformer. The
prototype of the DVR was built as an intermediate step in the
process of construction of the whole system. Figure 13 shows
the picture of the experimental system.

It is also included a three-phase resistive load. The
experimental tests have been realized with approximately
200V (line-to-line rms voltage). The control system consists
of a microcomputer with interfaces dedicated to measure the
electrical variables and to command the converter switches.

The DVR can be optimally designed according to the
criteria proposed in [23]. For the experimental results shown
in this paper, the parameters of the DVR are:

1. Input filter: 1.8mH, 10A

2. Rectifier and inverter: 6 switch + diode (1200V, 50A)

3. Dc-link capacitance: 4.7mF, 900V
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Fig. 12. Phase 1 voltages during the simulation.

Fig. 13. Picture of the experimental system.
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4. Output filter: 5mH and 40uF
5. Series transformer: 3 single-phase (220V:220V)

Figure 14 shows the three-phase supply and load voltages
demonstrating the DVR is capable of compensating a three-
phase voltage sag.
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VI. PWM TECHNIQUES

Space vector modulation (SVM) is nowadays the most
used PWM technique in voltage source inverters. SVM is
based on the concept of approximating a rotating reference
voltage space vector with those on a three-phase inverter.

An optimal pulse-width-modulation is obtained on a
voltage second average basis if only the vectors adjacent to
the reference vector are used (SVPWM). In this case each
phase is switched in sequence by switching only one inverter
leg at each transition from one state to the next one. One
possibility to reduce the number of switching is to use the
two-phase modulation in which only two phases are
modulated while the third phase is clamped to the positive
(DPWMMAX) or negative (DPWMMIN) dc rail [24]. Since
clamping implies in no switching losses, this technique
reduces losses in each modulation interval.

SVM techniques can also be implemented by using digital
scalar PWM. In this approach, non-sinusoidal modulating
waveforms are introduced in a simple way. In digital scalar
PWM the split and distribution of the zero space vectors
duration Vy(to1) and V4(to,), inside the sampling interval, can
be represented by the apportioning factor p = to; / (tog + to2)
[25]. When 0 < u < 1, the modulation is known as continuous
modulation. The case n=0.5 is equivalent to SVPWM. When
p =0 (DPWMMAX) or u =1 (DPWMMIN) the modulation
is known as discontinuous modulation.

Because of the simple implementation, the digital scalar
PWM is used in this paper to control the inverters. The
normalized reference voltages in (3), (4), (6) and (7) are
transformed to normalized reference phase voltages.

To verify the design of the proposed conversion system,
simulations using different loads were realized. Inverter
efficiencies have been calculated from the component
models used with curve fitting techniques [26] for different
load conditions. DPWMMIN and DPWMMAX present the
best efficiencies among the PWM techniques. It is expected
since only two phases are modulated at each modulation
interval for those techniques. The MPPT algorithm presents
very good results with at least 99% of the PV maximum
output power. The Total Harmonic Distortion (THD) of the
supply currents is kept below 5% for all situations. The
sinusoidal PWM (SPWM) presents the highest THD content.

Based on characteristics discussed above, the criteria to be
used to compare PWM techniques for the PV conversion
system is the inverter efficiency since the differences among
the MPPT efficiencies are very small when changing the
PWM technique. Also, except for the SPWM, the differences
among the THD of the system currents are very small when
changing the technique. Therefore for the proposed design,
DPWMMIN or DPWMMAX should be used to control the
switches in the converters 1 and 2 to improve efficiency.

VI. COST ESTIMATION

The proposed system is composed basically of a PV
generation system and a DVR (Fig. 1). For the cost
evaluation, the main components are analyzed.

A. PV Generation System
The PV generation system is composed of a PV array, the
dc link capacitors and a dc-ac converter. In the
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configurations used in this paper, the PV array is always
composed of 7 panels in series in such a way that the ideal dc
link voltage is around 120V. When a PV generation system
is connected to the grid, it is important to have the dc link
voltage higher than a single panel (17V) to allow a good
control performance. The supply has a phase rms voltage of
220V, which means that a transformer (L in Fig. 2) is used. A
turn ratio of 10:1 has been used to connect the system to grid.

Three possibilities of parallel connections have been
tested to evaluate the cost for different generated PV power.
There were considered PV arrays of 7 panels (700W), 14
panels (1400W) and 28 panels (2800W).

The dc link is composed of a capacitor of 300uF for all
situations. Therefore the cost of this part of the system is kept
constant. Also the cost of the dc capacitor is very low when
compared to the PV array (Table I). All prices are in USS.

The PV converter is composed of six power switches with
their gate drive circuits and heat sink. 200V MOSFETs have
been used. The prices of transformers with turn ratio 10:1
were also considered in the total cost. The power ratings of
the transformers were 600, 1500 and 3000VA for the PV
array power of 700, 1400 and 2800W, respectively.

B. DVR System

The DVR system is composed of a dc-ac converter, a filter
and a series transformer.

The DVR converter is composed of MOSFETSs of 200V,
5A. The currents even during the voltage sag are much
smaller than the currents of the PV converter.

The filter is composed of a 50uF capacitor and a 5mF
inductor for all situations. The LC filter has a cut frequency
of 318Hz that is approximately 5 times the grid frequency.
Transformers with turn ratio 10:1 are also considered in the
total cost. All prices shown in Table Il are in US$.

The power ratings of the series transformers are 600VA
for all conditions since the currents have small variation
when the PV array power changes. It is worth noting that in
the proposed system there are additional components,
increasing the cost of the global system. Also the PV
converter and the PV transformer must have higher ratings to
support the higher values of currents during the voltage sag.
However, due to the high cost of the PV array when
compared with the other components used in the system, the
additional cost can be justified.

The critical case for the cost of the additional system
occurs for the PV array of 700W. In this case, the PV system
has a total cost of approximately US$ 3,936 without voltage
sag compensation.

TABLE |
PV system cost without voltage sag compensation
Cost (US$)
Components PV array power
700W 1400W 2800W
PV array 3,594 7,188 14,376
Dc capacitor 22 22 22
PV converter 82 132 322
PV transformer 238 287 369
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TABLE II
PV system cost with voltage sag compensation
Cost (US$)
Components PV array power
700W 1400W 2800W
PV array 3,594 7,188 14,376
Dc capacitor 22 22 22
PV converter 132 210 396
PV transformer 271 336 450
DVR converter 82 82 82
DVR transform. 222 222 222
DVR filter 61 61 61

With voltage sag compensation, the cost is approximately
US$ 4,384 that means an additional cost of 11.4%.
Increasing the PV array power, the cost of the extra
components becomes less significant for the system. For the
PV array of 1,400W, the additional cost is 6.5% while for the
PV array of 2,800W, the additional cost is only 1.1%.

The custom-power equipments are used in systems that
can have a power up to 250KVA. As can be seen in Tables |
and 11, the cost of extra components becomes less significant
when the power increases and therefore the power electronics
components would not be a problem in systems of 250KVA.
However, the cost of the PV arrays in this power range is
extremely high and they can make the system unviable. A
very large number of solar cells connected in series and
parallel would have to be used to build the PV array.

VIl. CONCLUSION

The proposed topology introduced in this paper improves
functionality in grid connected photovoltaic generation
systems. The system can be connected to a three-phase
system of any electric utility if a matching transformer is
used. The excellent performance of the system is verified
from simulated results using Matlab. The voltage waveform
in the photovoltaic array follows the reference voltage for all
irradiation conditions. Besides that, the controller also
compensates current harmonics and reactive power. A
comparative study of PWM techniques is also presented.

The good performance of the DVR system is verified from
simulated and experimental results. The voltage waveform in
the load follows the reference voltage keeping the load
voltage in the rated value. Cost estimation also has been
performed. It is shown that the additional components are not
significant for the total cost of the system, especially if the
PV array power is high.
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