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Integrating photovoltaic based electricity into the grid and power quality
improvement have become two major issues in electrical system. Formerly,
these can be solved by using two converter systems separately, a PV-Grid
System and an active power filter. But recent technology uses only a
converter system to do both function. An existed shunt active power filter
(SAPF) can be modified to form a dual-stage PV-Grid with active filtering
capability. In this paper, a PV-Grid System that is capable to transfer all
power generated by PV modules and reduce harmonic contents is proposed.
The system was formed by connecting a boost chopper as a Maximum Power
Point Tracker and PV modules to the DC-link capacitor of a single-phase
SAPF. It just needed a current transducer and also required simpler control
circuits. A voltage controller was needed to achieve power equilibrium while
a current controller was needed to make the grid current sinusoidal with unity
power factor. To verify the analysis, simulations and experiments were done.
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1. INTRODUCTION

Photovoltaic (PV) is becoming an alternative solution to overcome the fossil based energy crisis.
Unlimited supports of solar energy on earth makes PV is more interested. Some PV based power plants have
been built in some countries. Due to the PV characteristic [1], a maximum power point tracker (MPPT) is
required to maximize the power generated. Many MPPT methods have been developed to improve the
performance of PV systems [2]-[4]. Integrating PV panels and grids offer some advantages. Some of them
use dual-stage converter system and the others only require single-stage converter [5]-[7]. Some PV-Grid
Systems are aimed to transmit all power generated by PV modules into the grid, they are also functioned as
active filtering.

Recently, nonlinear loads are widely used in residential, office building and industry applications.
They include static converters, computers, fluorescent lamps, etc and cause non-sinusoidal currents due to the
harmonic contents in the system. They result in power quality degradation and contribute serious problems in
the system. Active power filtering is capable to mitigate the harmonic contents by injecting currents/voltage
to the system [8]-[10]. In the conventional systems, PV-Grid Systems and active power filters are used
separately so the systems are more expansive. By developing the control schemes of PV-Grid Systems, active
filtering function can also be done. A dual-stage PV system using zero-voltage switching half-bridge
converter was operated to transfer real power with active filtering so the topology is more complex [11].
Another dual-stage PV system with active filtering for three-phase system was designed by using parallel
four-leg inverter, an LCL filter was also inserted into the output of the inverter. The dq0-coordinates based
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control circuit is used so it had more complexity [12]. A single-phase PV-Grid system with standard topology
inverter was developed by using utility-current command calculation based control, it consisted of more
number of calculations [13].

In this paper, a single-phase dual-stage PV-Grid system with active filtering capability is proposed.
It was constructed from the existed SAPF by connecting an MPPT to the capacitor dc-link. It required a
current transducer in the inverter stage and used simple control circuits. The Voltage Source Inverter (VSI)
was operated as a controlled current source with no synchronization was needed.

2. RESEARCH METHOD

One of main problems appears in power system is power quality degradation caused by harmonic
contents. A shunt active power filtering (SAPF) has become an effective solution to mitigate harmonics. The
core of a SAPF is an inverter with a capacitor connected to its dc-link. The absence of DC source at its dc-
link, so the SAPF is only capable to inject harmonic and reactive power.

PV-Grid Systems are commonly used to transfer power generated by PV modules into the grid.
They deliver real power power to the grid under linear loads; this is represented by sinusoidal current with
unity power factor (Figure 1a). The different situation will arise under nonlinear loads, the grid distorted
current will flow (Figure 1b). Recently the function of a PV-Grid System can be expanded to do active
filtering.
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Figure 1. Currents of the PV-Grid System under linear loads and nonlinear loads

A PV module is capable to convert solar energy into electric energy in the form of DC
voltage/current. Due to its characteristic curve, the operating point must be at its maximum power point or
MPP (Figure 2). Direct connection of a PV module to loads results in the location of its operating point
depending on the load resistance. By using an MPPT, the load resistance seen from the PV side will be a
variable value. If it equals to the PV resistance under its MPP (Rypp), the maximum power will be generated
(Figure 3).
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Figure 2. Photovoltaic characteristic curve
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Figure 3. Connection of a PV module and loads via an MPPT
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PV-Grid Systems integrate the electric energy generated by PV modules and a grid. For a dual-
stages PV-Grid System, the first stage converter is operated as an MPPT to force PV modules generated
maximum power and the second one is an inverter as an interface to the grid. But for a single-stage PV-Grid
System, the converter is an inverter with dual functions (Figure 4). An inverter takes significant role in PV-
Grid Systems. It must be capable to transmit all power generated and synchronize to the grid voltage.
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Figure 4. Block diagram of PV-Grid Systems (a) with dual converters (b) with single converter

The PV-Grid System consisting of a boost chopper and an inverter is proposed. The system is
constructed by connecting PV-MPPT to the dc-link capacitor of the existed SAPF (Figure 5). It can transfer
the maximum power generated by PV modules and is also capable to do active filtering. The inverter is
implemented by a VSI and operated as a controlled current source (CCS) so the complexity related to the
synchronization can be reduce. The CCS output voltage is automatically locked to the grid voltage. To
control the MPPT, voltage and current detections on PV are required. Based on these detections, duty cycle d
of the boost chopper as the MPPT is controlled. Then the input current of the MPPT will change closer to the
PV current at its MPP (lypp). The flow diagram of the proposed control is depicted in Figure 6.
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Figure 5. The proposed PV-Grid System
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The single-phase inverter acts as an interface between the MPPT and the grid therefore the output voltage
will be locked to the grid voltage. All power flowing from the MPPT must be transmitted into the grid hence
the inverter requires power flow detection. By sensing the DC-link voltage v, the power equilibrium can be
known. The voltage controller is needed to keep the DC-link voltage constant that represents no average
power absorbed/released by the inverter. To reduce the harmonic contents caused by nonlinear loads, the grid
current must be sinusoidal with unity power factor. This can be achieved by a current controller.

Initialization
Vo=0,Po=0

k
D
Read Vand |

Calculate P = V*I
dP=P-Po,dV=V-Vo

Figure 6. Flow diagram of the MPPT control

A current template iemp taken from the grid voltage is required, then its value is modulated by the output
signal of a voltage controller, it is named as the reference source current is.s. When V., is the reference
voltage of the DC-link of the inverter (this must be greater than the peak value of the grid voltage), the error
signal of the voltage controller e, can be obtained by

€y =Viet — Veap 1)

If the modulated factor is k then by using the Proportional-Integral controller we have
Ki
k(s)=| K, = e,(s) )

Where K, and K; are the proportional and integral constants, the source or grid current reference can be
calculated as

iS—ref = I('itemp 3)
The current controller requires two input, is.rer and the actual grid current is. If the controller runs well, then
iS = iS—ref (4)

Based on the above analysis, the power flow is derived. The instantaneous value of the output power
of the MPPT can be determined by multiplying the instantaneous values of the capacitor voltage v, and the
MPPT output current iyppr . If the MPPT is assumed ideal so the average value of the MPPT output power
Pvper €quals to the maximum power generated by PV modules

Pmppt = Veap IMpPT
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Power equilibrium can be analyzed by using the relationship among the instantaneous power of the DC-link
capacitor peap, the MPPT pupepr and the inverter pj,, as the following

Pcap = PmppT — Piny (6)
p
MPP; >
pcap
— —
from MPPT l to inverter

Figure 7. Power flow in the DC-link capacitor

For the instant time, when pyppr iS greater than p;,, then the capacitor voltage (DC-link voltage) will
increase while the vice versa condition will cause the capacitor voltage decreases. The voltage controller
must be capable to keep this voltage nearly constant so the average power of the capacitor Pc,, will be null.

Prap = | Peapdt =0 )
The average value of inverter output power Py, is
Pv :J. Pinvdt = Pyppr (8)

Equation (8) indicates that the inverter output current is sinusoidal and in phase with respect to the grid
voltage. If Vs is the RMS value of the grid voltage, its instantaneous value is stated as

Vs =~/2V sin(ot + ¢) o
then
Py _ P
iinv—p :\/El inv—p sin (0)'[+(p) )

Where i, is the inverter output current that contributes to the real power and li,., is the RMS value of the
inverter output current.

If the nonlinear loads are connected to the grid, the load current i, will consist of fundamental i ¢ and
harmonic components i ,. The fundamental component contains the active current i s, and reactive current
ILfg-

i =iy +ig = (ipr +iqu)+iLh (11)
i =214 cos(¢ - 0)sin(wt +¢) (12)
i =21y sin((p—e)sin((s)t+(p—gj (13)
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ih= 2\/5| Lh sin(e—0y) (14)
h=2

When the grid voltage is assumed ideal as stated in (9), then the real power absorbed by the nonlinear load
can be calculated as

P, =Vl cos(p—6) (15)
The reactive and harmonic power at the load side are

QL =Vsly sin(p—0) (16)

D, Evswlefh an
h=2

where I ;¢ is the RMS value of fundamental load current.

Apparent power will consist of real power P, reactive power Q and harmonic power D. Under an
ideal grid voltage, P and Q are related to the sinusoidal current that in phase (i s,) and 90 degree displaced
(iLrq) with respect to the grid voltage while D is related to the harmonic current (i.,). When the PV-Grid
System is functioned as active filtering, the grid current only consists of active current.

is =g (18)
Then current components of i ¢, and iy, are supplied by the inverter.
iinv = iinv—p +iqu +iLh (19)

It must be noted that i ¢ and i, contribute no real power so the equation (8) is still valid.

3. RESULTS AND DISCUSSION

To support the above analysis, simulation works were developed. The first simulations were done to
prove the capability of the MPPT control method as shown in Figure 6. This works were based on the PV
module equivalent circuit depicted in Figure 8 [13]. The voltage E, R,y and Rg are voltage corresponds to
the solar irradiance, series resistance that limits the output current and resistance for open-circuit condition,
while Rg; and R, are the resistance that control the BJT, and parallel resistance.

The simulation results under different irradiance level is shown in Figure 9, the voltage of the PV
module will decrease significantly under lower irradiance level while the PV current is slightly different. The
operating points of the MPPT under two different irradiance level are depicted in Figure 10, where the two
operating points are near the knee of the I-V characteristic curve. Under time based curve, the power
generated (by multiplying lpy and Vpy) will fluctuates near the maximum power (80 Wp). Based on the
simulation works, the MPPT efficiency is 94%.
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Figure 8. Equivalent circuit of a PV module [13]
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Figure 9. Simulation results for the PV module under irradiance level variation from G =1000 W/m? to G
=800 W/m? (a) current (b) voltage
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Figure 10. The operating point of the MPPT under different irradiance level (from G =1000 W/m? to G =800
W/m?)

The second works of simulation are based on Figure 5. Six PV modules were series connected and
then a diode rectifier with highly inductive load is used as the nonlinear load for the grid. The parameters
used is represented in Table 1.

Table 1. Parameters for simulation works

Photovoltaic 6 pcs 80Wp PV modules (series)
VMpp =173 \/, |Mpp =46A

DC-link Voltage 120V

Grid Voltage 80 V(peak)

The current waveforms under condition when the load power (p.) is greater than the power
generated by the PV modules (Ppy) is depicted in Figure 11. The non-sinusoidal load current indicates that it
contains harmonic components. The grid current is sinusoidal and in phase with respect to the grid voltage.
This means that the grid delivers real power to the load without harmonic contents. Parts of the load power is
supplied by the inverter. The average value of the inverter output power equals to the power generated by the
PV modules (Figure 12). While for p is less than Ppy, part of Ppy will flow into the grid so the grid current is
sinusoidal with opposite polarity with respect to the grid voltage (Figure 13).

L R inverter current =~ "7 " load current
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\

. grid current
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Figure 11. Simulation results when the load power is greater than the PV power
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Figure 13. Simulation results when the load power is less than the PV power

Finally, to verify the simulation results, the experimental works were done based on the prototype
depicted in Figure 14 and parameters shown in Table 2. The works depict the comparison of the load current,
inverter current and grid current, they also show the phase displacement between the grid voltage and current
(Figure 15 and Figure 16). The inverter currents injected into the grid are non-sinusoidal because parts of the
currents represent real power transmitted and the other for harmonic compensation. The different phase of the
grid currents means that the grid delivers power (Figure 15) and absorbs power (Figure 16). When the
nonlinear load is implemented by a diode rectifier with inductive load, there is no reactive power Q. the load
power just consists of P and D.

Figure 14. The prototype used for experimental works

Table 2. Parameters for experimental works

Photovoltaic 6 pcs 80Wp PV modules (series)

Vmer = 17.3 V, Iype = 4.6 A (datasheet)
DC-link Voltage 120V
Grid Voltage 70 V(rms)
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Figure 15. Experimental results when the load power is greater than the PV power [7A/div- 50V/div —
5ms/div]
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Figure 16. Experimental results when the load power is less than the PV power [7A/div- 50V/div — 5ms/div]

4,

CONCLUSION
A single-phase dual-stage PV-Grid System that is capable to transfer power and to do active

filtering has been analyzed, simulated and implemented. With the simple control schemes used in MPPT and
inverter stages, the system can deliver all the maximum power generated by the PV modules and make grid
current sinusoidal with unity power factor under nonlinear loads. Detecting the grid current can reduce the
amount of current transducer required by the inverter. The system can also be constructed from the existed
SAPF by connecting an MPPT to the capacitor dc-link of the SAPF.
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