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Abstract—Grid-connected photovoltaic (PV) systems are con-
sidered as the best options for home solar electric system
applications. Compared to other alternatives, grid-connected PV
systems offer the least expensive and lowest-maintenance choice
for residential usage. The PV systems are constructed using some
solar cells to extract the energy from sun radiations and power
converters to convert the output DC voltage into AC one. In the
present study a hybrid scheme is suggested to control the grid-
connected PV converters. The developed scheme is able to inject
the power created by solar arrays into the network. Also, it can
rectify the problems associated with the reactive power and load
harmonics in the system. Moreover, the suggested technique can
secure the load active and reactive power during the network
failure conditions. One of the contributions of the proposed
method is that it can manage the power of solar arrays to supply
the load, filter the harmonics and compensate the reactive power
in a situation where the power produced by solar arrays is less
than the power of converters. In this condition, the proposed
technique can make the current drawn from the grid completely
sine at unity power factor.

Index Terms—Photovoltaic, Instantaneous Reactive Power
Theory, PV Converter, Load Harmonics, Reactive Power

I. INTRODUCTION
A. Motivation and Literature Review

Solar photovoltaic (PV) technology is a renewable and
clean source of energy production with low influence on
the environment [1]. Generally, the reasons why PVs have
attracted a lot of attentions of researchers can be summarized
as follows [2]:

1) PV processes are totally solid state and independent.

2) There are no moving parts and no materials devoured or

discharged.

3) They can be joined with other power sources to build

framework dependability.

4) They can be upgradeable to higher demand of energy

quickly and easily.

PV systems can be utilized in different modes, among which
the grid-connected mode is a more attractive option [3]. Fig.
1 shows the general structure of such systems. As shown in
this figure, if the PV system is absent, it is evident that the
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total load active and reactive power (ARP) consumption will
be provided by the grid. Moreover, in the situation that PV
only produce the active power for the network, the active
power absorbed from the main grid will be decreased while
the reactive power experience no fluctuations. In this condition,
power factor of the grid will decrease which is not desirable
[4]. To deal with this problem, different control methods have
been proposed in last recent years [5]. These methods can be
separated into two vital categories as follows:

¢ Maximum power point (MPP) controller [6]-[8]. In these
methods the main goal is to extract the MPP out of the
PV system.

o Converter controller [9], [10]. In these techniques, gener-
ated ARP by the grid are controlled to guarantee the high
quality of the injected power and grid synchronization.

Hereby in the present study, the second controller is dis-

cussed. In the control methods of this category, the control
scheme utilized in the PV generates maximum output power.
In this situation, PV can be operated as a reactive power
compensator [11]. Commonly, the method should be able to
activate the PV to produce the reactive power. If the PV system
produces the exact required load reactive power, the grid power

PV Farm -----------------e-oos
Array
-------- Sub-Array ---------2--eemeeeeees
2 LIDC
PV
A Pannels — DC
L 5
AC

» Grid

Fig. 1. General structure of PV systems



factor will remain identical [12].

For instance, a nonlinear control based approach is proposed
in [13] to control the PV converter. In this approach, the error
estimation parameters are selected form instantaneous ARPs.
Generally, the drawbacks of this technique can be related to
high calculation complexity and dead-time effects. In [14],
a PI-based controller is developed to control the PV system
under disturbances. Although this method is simple and easy
to implement practically, its performance is not robust in
different possible conditions. The proportional-resonant based
controller has been developed in [15]. This controller has the
ability to suppress the selected harmonics. Model predictive
control is the basis of the method presented in [16]. In this
paper, the method optimized the switching signal using a
proper cost function which is based on lowering the total har-
monic distortion. A robust current control based on uncertainty
and disturbance estimator is presented in [17]. This reference
stated that the method is effective in loweing the resonance
damping and following the performance in grid disturbances.
The ref. [18] proposed a sliding mode control based technique
for the grid-connected PV system. The method is capable to
support the dc-link voltage fluctuations and ARP during grid
fault. In the technique suggested in [19], a cascaded loops
based controller is utilized to manage the ARP utilizing the
voltage and currents of the network as well as the DC link. In
[20], a novel control method based on feedback linearizing is
developed using the sequences of the grid voltages.

B. Aim and Contribution

In the present study, a novel hybrid control scheme for the
grid-connected PV system is developed. In this technique, the
power produced by solar arrays is injected into the grid by
the PV system. In addition, the problem of reactive power as
well as load harmonics are rectified by the proposed method.
The load harmonics compensation through this control method
leads to a completely sine grid current and prevention of entry
of load harmonics into the grid. In this control method, if
the produced power by solar arrays is less than the power of
inverters, the remaining capacity can be utilized to eliminate
the shortcomings regarding the reactive power as well as
the load harmonics. Another characteristic of the developed
method is that if the main grid fails, the PV system could
supply the required load power. In this case, the system will
work as uninterruptible power supply (UPS).

C. Paper Organization

The rest of the paper is organized as follow. In Section
I, a detailed explanation of the functional principles of grid-
connected PV systems is given. Section III presents the
proposed control strategy and mathematical formulas. Section
IV describes the different simulations and shows the results.
Finally, conclusions are presented in Section VI.

II. FUNCTIONAL PRINCIPLES OF THE UTILIZED
GRID-CONNECTED PV SYSTEM
Compare with stand-alone systems, grid-connected PV sys-
tems contribute to higher than 99% of the PV installed capac-
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Fig. 2. The structure of grid-connected PV systems

ity. Fig. 2 represents a grid-connected PV system schematic in
more details. In this system, the solar arrays are connected to
the grid through a voltage source inverter (VSI). To connect
VSI to grid, a series inductance is utilized which enables the
control of inverter output power. Considering the fact that
the solar arrays generally behave as a current source [16],
a dc capacitor will be used at the inverter’s input. From
the grid’s viewpoint and based on the control method, VSI
might be regarded as an AC source, load resistor, inductor
and capacitors, all with identical apparent power. In normal
conditions, the PV system injects the power produced by solar
arrays into the grid and generates load currents harmonics
along with load reactive power consumption. In this situation,
the current drawn from or injected into the grid is completely
sine and of similar phase with voltage (i.e. grid power factor
is almost equal to 1). The employed topology in this paper
is a VSI-based PV system, in which the input voltage of the
inverter is almost constant, utilizing proper controllers. One
of the appropriate methods for controlling VSIs is to control
their output current flow. In this paper, this type of control is
deliberated. Application of current-control based method for
grid-connected PV systems is more suitable than other types
because of the following reasons:

1) The power shared between VSI and the grid can be
relegated to control the current which is passing through
VSI to grid and vice-versa, considering the fact that the
grid is an almost a constant voltage source.

2) Even a small error in the output phase voltage of the
inverter can lead to an excessive current passing through
the system if the voltage control method is implemented
to connect the PV system to the grid, while the systems
based on current control methods do not face such
problems.

In the present paper, hysteresis method is used for inverter
current control [12]. In the proposed method, the PV system
controller determines the reference current of inverter based
on three parameters of the produced power of solar array,
harmonic currents, and load reactive power and then, delivers



it to hysteresis controller. The hysteresis controller issues the
inverter switching command in a way that the inverter’s output
current is equal with the reference current. The functioning of
grid-connected PV systems is directly dependent upon selected
control strategy for VSI. In general, the control strategy of
these systems should have the following capabilities:

1) Waveform generation of reference current for three

phases
2) Stabilization of the input dc capacitor voltage

III. PROPOSED CONTROL METHOD

In this paper, the instantaneous reactive power (IRP) theory
introduced by Agaki for controlling active filters is employed
for determining reference currents of inverter [15-18]. In this
theory, reference currents are calculated in the way that in
the circumstances of being produced by inverter, the produced
power by solar arrays is entered to the grid and the inverter
compensates the harmonic of load currents and remove the
reactive power problems. The IRP theory is based on trans-
ferring voltage and current variables into o3 coordinates. The
instantaneous values of voltage and current variables in af3
coordinates can be calculated through equation (1):

Va
Vs

In the above expression, [A] is the transfer matrix which is as

follows:
2 1 -1/2 -1/2
A= ix[o s hn] @

The above transform functions are correct if v,+vp+v, =0
and v,, vy, and v, are sine and balanced. In this situation, the
instantaneous ARP in «3 coordinates are as follows:

p(t) = Vg (t)ia (t) +vg (t)iﬁ (t) (3)
q(t) = —va(t)ig(t) + vp(t)ia(t)

Considering equation (3), i, and ig can be written based on
the instantaneous powers as shown in the following equation:

el Sl e
B Vs v i (] Va q
In equations (3) and (4), p and —¢q values can be considered
as the sum of their dc and ac elements.

p=p+p
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In equation (5), p and p represent the dc and the ac element

of the instantaneous power p, respectively. Also, p is related
to the main element of active current and p is related to the
type of harmonic currents produced by the active part of p.
Simultaneously, ¢ refers to the dc element of p which is related
to reactive power produced by main elements of voltage and
current, and ¢ is the ac element of p which is related to the
type of harmonic currents that are produced by reactive part of
the instantaneous power. In order to enable the PV system to

V. ; iq
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produce reactive power as well as harmonic currents produced
by non-linear loads, its reference current should include p, ¢
and ¢ values. The advantage of applying the above theory is
regarding the fact that the ARP corresponding to the main
elements of current and voltage are dc and can be eliminated
if it is necessary.

In grid-connected PV systems, the VSI control method
have the following goals: 1) Eliminating the reactive power
problems), 2) Filtering the load harmonics), 3) Injecting the
power into the grid.
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In equation (6), V. is the instantaneous voltage of the
input capacitor of the inverter, i,y is the instantaneous current
taken from solar arrays and P, is the instantaneous power
injected to grid by the inverter. If the power produced by
solar arrays is not injected into the grid, considering the fact
that solar arrays act as a current supply, the capacitor voltage
will increase linearly. The controller should monitor the active
power injected to the grid in a way that the voltage of capacitor
remains constant. Therefore, the equation for evaluating active
power injected from solar cells into the grid can be written in
the following equation:

Pactive = Kp (ch* - Vc) + KI / (Vc* - V) dt (7)

In the equation (7), V. is the reference voltage of capacitor,
Ve is the instantaneous voltage of capacitor, and K, and K;
are respectively the proportional and integral coefficients of the
PI controller. The selection of these coefficients is based on a
compromise between steady-state and dynamic function of the
system. If K, and Ky are considered to be high, the steady-
state error of the response will decrease. On the other hand, if
K, and Kj are low, the dynamic function of the system will
be better in contrast with solar radiation variance. Considering
equation 4, the reference currents in o3 coordinates which can
produce reactive power and harmonic currents of the load and
to inject power produced by solar arrays into the grid, can be
represented in the following equation:

Z.:; — ; Vo Up pr+ Pyctive
5] vi+vilus va L + 4L
In equation (8), v, and vg are load voltage, 7, and zg are

reference currents of the PV system, and p; and g, refer to
the instantaneous load power in a3 coordinates. In equation 8,

P,ive represents the output of the input dc capacitor voltage
controller. The reference currents in abc coordinates can be
1 0
—1/2  /3/2
If the inverter’s output current is equal to i}, ¢, and i,
the power produced by PV system is entered to the grid in a

written in the following equation:
Z’*
—1/2 —/3/2 A
way that the voltage of the input dc capacitor remains constant.
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Fig. 3. Proposed control strategy of grid-connected PV system
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Fig. 4. Simulation results with the RL load: (a) Solar array power is lower than the required load power; (b) Solar array power is more
than the required load power

The harmonic currents and the load reactive power is produced

by the inverter in a way that the grid power factor is almost supply active power and harmonic currents of load. Fig. 3
equal to 1, and harmonic current is not inserted into the grid. ~demonstrates the scheme of the proposed control strategy of
If the produced power by solar arrays is low, the controller of  grid-connected PV system.

capacitor voltage can absorb some active power of the grid,

so as to inhibit the reduction of capacitor voltage in the case

of inverter losses. In this case, the photovoltaic system can
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Fig. 5. Simulation results with three-phase diode full-bridge rectifier as a non-linear load: (a) Voltage and current drawn from grid; (b)
Voltage and current injected to grid

IV. SIMULATION AND RESULTS

In this section, the accuracy of suggested method is
verified through simulation of grid-connected PV systems
with MATLAB software according to the control strategy
proposed in Section III. The simulation parameters include:

« Phase to neutral grid voltage = 220 v

« Reference voltage of the input dc capacitor = 800 v
o Capacity of the input capacitor = 1 mF

o Grid connection inductance = 500 mH

In controlling the inverter current through hysteresis
method, the switching frequency of each cycle will be variable
if the bandwidth of hysteresis is fixed. To deal with this
problem in the present paper, the hysteresis bandwidth was
set in a way that the switching frequency was always fixed
on 10 kHz. Initially, one RL load was used as reactive power
consumer. The results of simulation based on the developed
model are shown in Fig. 4. In Fig. 4 (a), the generated power
by solar arrays is assumed to be low and grid-connected
PV system solely generates load reactive power. Under this
circumstance, the active power consumption of the load is
absorbed from the main grid. In Fig. 4 (b), the generated power
by solar arrays is hypothesized to be higher than the required
load power. In this case, it is observed that the PV system
feeds the APR of the load and injects active power into the
main grid.

To review the compensation of load harmonics by the
system, a three-phase diode full-bridge rectifier is used as a
non-linear load (Fig. 5). The simulation results demonstrate
that despite the nature of the load current, which include
harmonics, and the consumption of reactive power by the load,

the current drawn from grid, as shown in Fig. 5 (a), and the
current which is injected into the grid, as shown in Fig. 5 (b),
are almost sine and of similar phase with the line voltage. As
Fig. 5 (a) shows, the PV system only compensates harmonic
currents and active load power. In this case, this system acts
as an active filter. One of the advantages of introduced control
method is that if the grid voltage system is disconnected, this
system can supply the required load power in an independent
manner from grid. In this case, the PV system works as a UPS.

V. CONCLUSION

Solar energy is among the important sources of renewable
energy to supply the residential demands. PV systems and
technologies are largely utilized in different voltage levels of
home applications. So it is necessary to study the details of
each part with more effort and suggest different methodologies
to enhance its efficiency. Grid-connected PV systems utilize
the solar cells to capture the energy of the sun and power
converters for network interfacing. In this paper, the focus
was to enhance the performance of the power converters for
efficient integration of PV systems into the network. To do
so, a hybrid control method has been proposed based on IRP
theory. To evaluate the performance of the proposed scheme,
a simulation based test bench is considered in MATLAB
software where the simulation results indicate the high level
performance of the suggested technique. Also, the simulation
results show that the system has the ability to compensate
active power and harmonic currents of the load up to the power
level of inverters regardless of power produced by PV arrays.
In addition, the inverters can feed the load without delay in
the case of grid disconnection.
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