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ARTICLE INFO ABSTRACT

In grid-connected photovoltaic systems, a key consideration in the design and operation of inverters is
how to achieve high efficiency with power output for different power configurations. The requirements

gﬂv fgiﬁ;ected photovoltaic system for inverter connection include: maximum power point, high efficiency, control power injected into the
Power conditioning grid, and low total harmonic distortion of the currents injected into the grid. Consequently, the
Inverters performance of the inverters connected to the grid depends largely on the control strategy applied.
Control This paper gives an overview of power inverter topologies and control structures for grid connected
photovoltaic systems. In the first section, various configurations for grid connected photovoltaic systems
and power inverter topologies are described. The following sections report, investigate and present
control structures for single phase and three phase inverters. Some solutions to control the power

injected into the grid and functional structures of each configuration are proposed.
© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

With the increasing concern about global environmental protec-
tion, the need to produce pollution-free natural energy such as solar
energy has received great interest as an alternative source of energy
for the future since it is clean, pollution-free and inexhaustible.

Over the last decade, PV technology has shown the potential to
become a major source of power generation for the world—with
robust and continuous growth even during times of financial and
economic crisis. That growth is expected to continue in the years
ahead as worldwide awareness for the advantages of PV increases. At
the end of 2010, the world's PV cumulative installed capacity was
approaching 41 GW. One year later it was 71 GW. In 2012, more than
100 GW were installed as shown in Fig. 1. PV is now, after hydro and
wind power, the third most important renewable energy source in
terms of globally installed capacity. The growth rate of PV during 2012
reached almost 70%, an outstanding level among all renewable
technologies [1].

The number of PV installations has an exponential growth,
mainly due to the governments and utility companies that support
programs which focus on grid-connected PV systems [2].

In an effort to use solar energy effectively, a great deal of research
has been done on the grid-connected photovoltaic generation
systems. Fig. 2 shows the total PV power installed in the Europe,
98.7% correspond to PV grid-connected and only 1.3% for off grid.

In PV systems connected to the grid, the inverter which converts
the output direct current (DC) of the solar modules to the alternate
current (AC) is receiving increased interest in order to generate
power to utility. Many topologies are used to this purpose. This paper
gives an overview of power inverter topologies and control structures
for grid connected photovoltaic systems. In the first section, various
configurations for grid connected photovoltaic systems and power
inverter topologies are described. The following sections report,
investigate and present control structures for single phase and three
phase inverters. Some solutions to control the power injected into
the grid and functional structures of each configuration are proposed.

2. Structure topologies for grid-connected photovoltaic
systems
2.1. Central inverters

Central Technology illustrated in Fig. 3(a), was based on
centralized inverters that interfaced a large number of PV modules
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to the grid [2-5]. The PV modules were divided into series
connections (called strings), each one generating a sufficiently
high voltage to avoid further amplification. These series connec-
tions were then connected in parallel, through string diodes, in
order to reach high power levels of 10-250 kW [5]. This centra-
lized inverter includes some severe limitations, such as high-
voltage DC cables between the PV modules and the inverter,
power losses due to a centralized MPPT, mismatch losses between
the PV modules, losses in the string diodes, and a non-flexible
design where the benefits of mass production could not be
reached. The failure of the central inverter results in that the
whole PV plant fails to operate. The grid-connected stage was
usually line commutated by means of thyristors, involving many
current harmonics and poor power quality [6-11].

2.2. String inverters

The string inverters shown in Fig. 3(b), is a reduced version of
the centralized inverter, where a single string of PV modules is
connected to the inverter [2,3]. The input voltage may be high
enough to avoid voltage amplification. There are no losses asso-
ciated with string diodes and separate Maximum Power Point
(MPP) tracking MPPTs can be applied to each string. This increases
the energy yield via the reduction of mismatching and partial
shading losses. These superior technical characteristics lead to the
increase in energy yield and enhance the supply reliability. This
increases the overall efficiency compared to the centralized
inverter, and reduces the price, due to mass production.

1,3%
No connected

98,7%
Grid connected

Fig. 2. PV power installed in Europe.
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Fig. 1. PV power in the world [1].
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Fig. 5. Control structure topology for single phase with DC-DC converter.

String inverters have evolved as a standard in PV system
technology for grid connected PV plants [3,8-11].

2.3. Multi-string inverters

The multi-string inverter depicted in Fig. 4(a) is the further
development of the string inverter, where several strings are
interfaced with their own DC-DC converter (separate MPP track-
ing systems) to a common DC-AC inverter [2,3]. This is beneficial,
compared to the centralized system, since every string can be
controlled individually. Accordingly, a compact and cost-effective
solution, which combines the advantages of central and string
technologies, is achieved. This multi-string topology allows for the
integration of PV strings of different technologies and of various

orientations (south, north, west and east). These characteristics
allow time-shifted solar power, which optimizes the operation
efficiencies of each string separately. The application area of the
multi-string inverter covers PV plants of 3-10 kW [5,9,12].

2.4. AC modules

The AC module depicted in Fig. 5(b) is the integration of the
inverter and PV module into one electrical device [1]. It removes the
mismatch losses between PV modules since there is only one PV
module, as well as supports optimal adjustment between the PV
module and the inverter and, hence, the individual MPPT. It includes
the possibility of a facilitated enlargement of the system, due to the
modular structure. The necessary high voltage-amplification may
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reduce the overall efficiency and increase the price per watt, because
of more complex circuit topologies. The present solutions use self-
commutated DC-AC [3,9,13].

3. Impact of inverter configuration on energy cost
of grid-connected photovoltaic systems

There are typically three possible inverter scenarios for a PV
grid system: single central inverter, multiple string inverters and
AC modules. The choice is given mainly by the power of the
system. Therefore, AC module is chosen for low power of the
system (around 100 W typical). And a single central inverter or
multiple string inverters will be chosen depending on the
designer. Technically it is possible to use both topologies. There-
fore in order to promote large-scale solar power generation, it is
necessary to optimize the topologies and the PV system design to
make solar energy economically acceptable and attractive. There
are many aspects to evaluate a PV system design, such as
efficiency, reliability, cost, energy yield. Currently research on
solar power and suggested procedures to model and evaluate
solar technologies are realized [15-18].

Refs. [19,20] present an overview of the state of technique for
PV inverters used in low voltage grid-connected PV systems:
Different and important aspects with respect to performance of
some PV grid-installation have been analyzed. Ref. [21] studied the
impact of inverter configuration on energy yield based on a simple
efficiency model. Ref. [22] optimized the selection and configura-
tion of PV modules and inverters based on a generalized PV system
model to maximize the net profit. The efficiency and reliability of
inverters were not modeled in detail in such a complicated
problem. Ref. [23] introduced a reliability model to energy yield
estimation to compare central inverters and module integrated
inverters. However, they did not take into account environmental
conditions and inverter efficiency characteristics. Ref. [24] suggests
that energy yield and levelized cost of energy should be estimated
considering the PV array scale, environmental conditions, system
cost, inverter efficiency and reliability. The efficiency characteristic
of parallel inverters with a common DC bus is deliberated along
with the optimal operation strategy. Inverter system performance
ratio (ISPR) is proposed as an overall index of lifetime energy
conversion efficiency. It shows that the configuration with a
common DC bus is a potential solution to reduce the energy cost
of PV power generation systems. As results, it is found that
optimizing the PV panel orientation can improve the probability
distribution of solar irradiance on the panel, and it is confirmed
that an oversized PV array may help reduce the energy cost.

4. Control structures for grid-connected photovoltaic systems

The DC-AC converters inject sinusoidal current into the grid
controlling the power factor. Therefore, the inverter converts the
DC power from the PV generator into AC power for grid injection.
One important part of the system PV connected to the grid is its
control. The control can be divided into two important parts.

(1) MPP controller, with the main property to extract the max-
imum power from the input source (PV module).

(2) Inverter controller, which ensure the control of active and
reactive power generated to the grid; the control of DC-link
voltage; high quality of the injected power and grid synchroni-
zation.

The control strategy applied to the inverter mainly of two
cascaded loops. Usually, there is a fast internal current loop, which

regulates the grid current, and an external voltage loop, which
controls the DC-link voltage. The current loop is responsible for
power quality issues and current protection; thus, harmonic
compensation and dynamics are the important properties of the
current controller. The DC-link voltage controller is designed for
balancing the power flow in the system. Usually, the design of this
external controller aims the optimal regulation and stability of
systems having slow dynamics. This voltage loop is designed for a
stability time higher than the internal current loop by 5 to 20
times. The internal and external loops can be considered decou-
pling, therefore the transfer function of the current control loop is
not considered when the voltage controller is designed [25-33].

In some works, the control of the inverter connected to the grid
is based on a DC-link voltage loop cascaded with an inner power
loop instead of a current one. In this way, the current injected into
the grid is indirectly controlled.

4.1. Control structure for single phase with DC-DC converter

The control structure for the single phase with the DC-DC
converter proposed in [5,29], is shown in Fig. 5. The most common
control structure for the DC-AC grid converter is a current-
controlled H-bridge PWM inverter having low-pass output filters.
Typically L filters are used but the new trend is to use LCL filters
that have a higher order, which leads to more compact designs:

® Control of instantaneous values current
® Current is injected in phase with the grid voltage (PF=1)
® Use PLL for synchronization of the current Igrg and Vg

4.1.1. MPPT control

In order to capture the maximum power, a maximum power
point tracker (MPPT) is required. The maximum power point of PV
panels is a function of solar irradiance and temperature as
depicted in Fig. 6. This function can be implemented either in
the DC-DC converter or in the DC-AC converter. Several algo-
rithms can be used in order to implement the MPPT [37-39]:
perturb and observe, incremental conductance, parasitic capaci-
tance and constant voltage, but only the first two are the most
frequently used. The incremental conductance algorithm has
advantages compared to perturb and observe as it can determine
when the MPPT has reached the MPP, where perturb and observe
oscillates around the MPP. Also, incremental conductance can
rapidly track the increase and decrease of irradiance conditions
with higher accuracy than perturb and observe.
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Fig. 6. L.V PV characteristic.
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4.1.2. DC-DC boost converter control

In order to control the output DC-voltage to a desired value, a
control system which can automatically adjust the duty cycle is
needed.

® [nverter control: In Fig. 5, the variable control of a control
structure for a PV system connected to the grid is shown. This
control is divided into 2 control loops, the internal current
control loop and the external DC-bus voltage control loop.

® The internal control loop is used to control the instantaneous
values of AC current in order to generate a sinusoidal current in
phase with the grid voltage. The reference current I.p is
generated from a PLL sinusoidal signal reference which syn-
chronizes the output inverter current with grid voltage as
shown in Fig. 5 [29]. The amplitude current is regulated from
the external voltage loop.

® The external loop, ensures the regulation of DC-bus voltage Vpc.
It's necessary to limit the Vpc voltage however, the control of
Vpbc guarantees the regulation of power injected into the grid.

® [n [25], a control structure for topology with DC/DC converter
and L filter is presented (Fig. 7). In this case, the reference
current I, is generated from the sinusoidal signal reference
determinate from a grid voltage sample.

This structure is associated with proportional integral control-
lers (PI). To improve the performance of the PI controller in such a
current control structure and to cancel the voltage ripples of the
photovoltaic generator, due to variations in the instantaneous
power flow through the photovoltaic system, will depend on the
change of atmospheric conditions (mainly the irradiance and
temperature), the faster response of the boost control loop, the
inverter and the value of the DC bus capacitor. On the other hand,
the output voltage (the mains voltage) represents an external
disturbance of considerable magnitude at 50 Hz for the system.
There exists a compensation of these effects at the output of the
PI controller so as to calculate directly the reference voltage for the

ImppT

inductance [25]. Fig. 9 shows the control loop of the inverter
output current.
The inverter output current expression is given:

D x Vpy(s)— Vour(S)

Iout(s) = Ls

M

The feed-forward technique [25] is based on including new
terms to variables control, in this case the duty cycle, in order to
eliminate the dependence related to the perturbations of control
system.

To compensate the effect of output voltage, the average and
filtered output voltage values, called vVourmes, are used Fig. 8.
However, to compensate the voltage vcpy, it's necessary to use,
the measured value before filtered.

In this case, it is necessary to calculate a duty cycle since the
transfers’ functions:

d = YLref + Voutmes

(2)
VGPV,mes
K, the same step of measured circuits, obtained:
d= VLref +KsvVour (3)
Ksyvepy

From the duty cycle, the inductance voltage V; can be deduced:

VL,ref

m 4)

VL= dVGPV —Vout =

The advantage of this control structure is the control of the
instantaneous power injected into the grid from the solar module
and the synchronization of the current signal with the grid voltage
(voltage and current in phase) which guarantee a higher power
factor and improve the MPPT dynamic. The disadvantage is the
noise in the inverter output current signal due to the use of the
grid signal sample for generating and synchronizing the reference
current with the grid signal.

Ioul

DC/DC | Cye

MPPT |
GPV —l— { DC/AC *

Vinv

i +
E Vref -

Fig. 7. Control structure with DC-DC converter and L Filter.

Compensations Converter
VL,ref
I + O + + I
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Fig. 8. Control loop structure of alternative output current.
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[29,30], propose a control structure for topologies with DC-DC
converter and LCL filter, Fig. 9. This structure has the following
characteristics:

® Typical structure for powers 5 kW max.

® PI controller (Proportional Integral) or PR (Proportional Reso-
nant) for current control.

® PWM control, hysteresis or predictive.

PI controller for voltage control.

® Optional transformer.

The principal elements of this control structure are, the algo-
rithm control based on the PLL, the MPPT and the control of the
provided power and injected current into the grid.

4.2. Control structure for single phase without DC-DC converter

In Fig. 10, the control structure for single phase without DC-DC
converter that is proposed in [5]. The same control loop, the
internal current one and the external voltage loop [7].

The difference with respect to the control structure for topol-
ogies with DC-DC converter, the DC-AC inverter determines the
maximum power point.

Another control structure proposed and shown in [29], is the
power control based on the lineal current control injected into the
grid. The power control structure for the PV system connected to
the grid is in the range of 1-5 kW.

The full bridge inverter connected to the grid across the LCL
filter is shown in Fig. 11.

This power control structure is divided principally on the
synchronize algorithm based on the Phase Locked Loop (PLL), a
maximum power point (MPPT), the input power control of the
continuous side and the injected current control into the grid.

® PLL: used for the synchronization of the inverter output current
with the grid voltage, the power factor equal to the unity, also

allowing for the generation of the sinusoidal and clean refer-
ence signal [30,41-43].

® [nput power control: In this case, the control strategy for power
configuration of PV system uses a feed-forward and does not
include the DC/DC converter is presented in Fig. 12.
The amplitude value of the reference current is calculated from
the solar modules power Py, and the RMS voltage grid (Vgiq,
rvs), adding the controller value (I.) of the output continued DC
bus Vpc. The result is expressed with the amplitude reference
(Ief) as shown in Fig. 12 [29].
The use of the feed-forward improves the dynamic response of
the PV system. The DC-bus voltage controller ensures a fast PV
system response to the input power change [25,29].

® Current control: the PI controller is used with the feed-forward
technique of the grid voltage as shown in Fig. 13.

The transfer function of the PI controller, Gp(s) is defined as:

K
G =K, +?’ (5)

As mentioned previously, the feed-forward technique improves
the dynamic response. This guarantees the stability of perturba-
tions in the system introduced by the feedback voltage [5,6,29,30]
and proposes an alternative solution for the poor performances of
the PI controller, which includes the use of the proportional
resonant controller PR. The current loop of the PV inverter with
the PR controller is presented in Fig. 14.

The transfer function of the PR current controller is defined in
[6,31,32,49].

S
Ge($) =Ky +Kj——= 6
=Ky +Kir ©6)

The transfer function Gy(s) of the harmonic compensator (HC)
defined as [5].
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Fig. 9. Control structure with DC-DC converter and LCL filter.

PV

VA =y

farid, RMS T Yerits

Iy
Vi VO ]
l MPPT | "Pv Voltage "
( ) Control V,
Module ° de
Vov
Yy P
5o e

lgrichref
Current
>,
% Control
Lyyia

PWM | ,IDC-AC fo\_@

Fig. 10. Control structure for single phase without DC-DC converter.
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Fig. 14. Inverter current loop with PR controller.

The compensator HC is designed to compensate for the 3rd, 5th
and 7th selected harmonics as they are the most predominant
ones in the current spectrum.

In this case it has been shown that the use of the PR+HC
controller gives a better dynamic response of the system, very low
harmonic distortion (0.5%) and eliminates the error in the steady state
without using the feed-forward voltage. Adding the harmonic com-
pensator (HC) to the resonant proportional controller (PR) makes the
system more reliable with better elimination of harmonics.

5. Reactive power requirements

Power factor control and reactive power regulation is known as
the most important issue in connecting PV array to the grid. The grid-
connected inverter must be controlled in such a way that not only it
injects a current with low total harmonic distortion (THD), but also
allows controlling the injected reactive power into the grid selecting a
proper power factor according to the grid demands: active or reactive
power. Thus, the most efficient systems are those that allow varying
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the power injected into the grid, both active and reactive, depending
on the power grid needs [35,36,50].

Some solutions are proposed [2,13,14,34], in order to obtain the
high reliability inverter and many control techniques of grid-
connected PV inverter have been proposed in literature. A multiple
closed loops control structure for grid current and DC link voltage are
given in [44-46,51,52]. Other control structures consist of using a
classical PI and/or bang-bang Controllers [53,54]. Other authors
propose the use of phase lock loop (PLL) control of the grid current
[55-57]. An extended Direct Power Control (EDPC), based on geome-
trical considerations about inverter voltage vectors and their in
fluencies on active and reactive power change, is proposed in [58].

The input output Feedback Linearization Control (FLC) technique
widely applied on electrical motors control [59] and PWM rectifier's
control [60] has been applied on PV inverters by Ref. [61], but it gives
a complex model of the inverter, including switching functions. In
[62], the power factor of a grid-connected photovoltaic inverter is
controlled using the input output Feedback Linearization Control (FLC)
technique. This technique transforms the nonlinear state model of the
inverter in the d-q reference frame into two equivalent linear
subsystems, in order to separately control the grid power factor and
the DC link voltage of the inverter. This method allows control of both
power factor and DC link voltage using the same control algorithm.
Also, in this control method, the MPP control is moved towards the
DC-AC converter, hence, there is no need to use a DC-DC converter,
which increases the simplicity of the conversion system. Compared to
other control methods, in [63,64], the grid power factor is controlled
using a previously calculated and tabulated PWM, and acting on the
phase shift between grid voltage and inverter output voltage as a
control parameter, The proposed control strategy is capable to control,
not only the current injected into the grid, but also the power factor,
with a minimum number of DSPWM (Digital Sinusoidal Pulse Width
Modulation) patterns. Varying the power factor, within a certain
range, the injected reactive power (inductive or capacitive) can be
dynamically changed and controlled, in order to obtain the high
reliability of the inverter. This method break the limitations of existing
grid-connected system where the inverter topology is designed to
supply only active power to the grid without injecting reactive power.

6. Control based on the shifting phase for grid connected
photovoltaic inverter

In [63,64], the proposed control structure, for a PWM single-phase
inverter connected to the grid, is shown in Fig. 15. The photovoltaic
system consists in a photovoltaic generator (PVG), a maximum power
point tracking (MPPT) block and a PWM single phase inverter (DC/AC).

The DC/DC converter is employed to boost the PV-array voltage
to an appropriate level based on the magnitude of utility voltage,

while the controller of the DC-DC converter is designed to operate
as a maximum power point (MPP) that increases the economic
feasibility of the PV system. Several algorithms can be used in
order to implement the MPPT [38,39]: perturb and observe,
incremental conductance, parasitic capacitance and constant
voltage, but only the first two are the most frequently used.

For the MPPT controller, the perturb-and-observe method is
adopted owing to its simple structure and the fact that it requires
fewer measured parameters. This strategy is implemented to
operate under rapidly changing solar radiation in a power PV grid
connected system, using only one variable: PV output current. The
constant voltage method is accomplished by keeping the voltage
in the PV terminals constant and close to the MPP.

The control loop for the PWM inverter is assured by the output
current control, the DC bus control and synchronizing to the grid, to
inject power into the grid at all time. In this case the voltage at the
Point of Common Coupling (PCC; the point where the load would be
connected in parallel to the two sources), is not considering. The
inverter is decoupled of the grid. The output voltage of the PWM
inverter is already set by the utility PV modules. Therefore the inverter
is current controlled to ensure only power injection into the grid.

The power control is obtained by means of the inverter output
voltage shifting phase, PCSP (Power Control Shifting Phase). In
Fig. 15 are represented a controller with two control loops: an
inner one, that allows controlling the inverter output current and
an outer one to control the DC bus Vpc.

The reference of the output current (If) depends on the DC bus
voltage (Vpc) and its reference (Vief). A low pass Filter is incorpo-
rate in order to ensure that high frequency switching noise present
in the measured inverter output current signal does not pass
through to the PI controller.

The control structure is associated with proportional-integral
(PI) controllers since they have a satisfactory behavior when
regulating DC variables.

In this case the output current I, is not controlled varying the
amplitude modulation index my,, since it is considered constant,
but by phase shifting the inverter output voltage with respect to
the grid voltage. The adequate value of the phase shifting is
obtained taking into account the zero crossing detector (ZCD) of
the reference (Vgriarer). The DSPWM generates the driving signals
for the PWM inverter according to the switching pattern, with the
corresponding phase shifting, in order to satisfy the current
reference, lr. SO the power factor is indirectly controlled. As a
result, a certain amount of reactive power can be generated.

The main advantage of this control strategy is its simplicity
with respect to the computational requirements of the control
circuit and hardware implementation. On the other hand, it allows
reconfiguring the control in a fast and simple way in case that not
only an active power needs to be injected but also a reactive one.

] LMPPT I0=ut lef-m P~
DC/DC ocacl T _
PVG | |mpPT) CT r[ CIAC| ~ Vip, lout Vi
A
Vdc
______________________________________________ PR

Look_up
DSPWM* Tapie (5) 41"

grid,ref

Fig. 15. Control structure based on the shifting phase for a single phase connected to the grid.
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Table 1, resume the advantage and inconvenient of each control
structures for single phase topologies.

7. Control structure for three-phase inverter connected to the
grid

To study stationary and dynamic regimes in three-phase
systems, the application of “vector control” (Parck vector) is a
powerful tool for the analysis and control of DC-AC converters,
enabling abstraction of differential equations that govern the
behavior of the three-phase system in independent rotating shafts.
The main disadvantage of using this control method is that it
introduces a nonlinear part, a rotation of axes (mathematical
transformations), which requires a lot of computing power, an
issue that is solved with existing microcontrollers and DSP.

7.1. dq control

The concept of decoupled active and reactive power control of
three-phase inverter is realized in the synchronous reference
frame or also called dq control by using the abc-dq transformation
for converting the grid current and voltages into a rotating
reference system with the grid voltage, these variable control
values are transformed into continuous. In this way, the ac current
is decoupled into active and reactive power components, Id and Iq,
respectively. These current components are then regulated in
order to eliminate the error between the reference and measured
values of the active and reactive powers. In most cases, the active
power current component, Id, is regulated through a DC-link
voltage control aiming at balancing the active power flow in the
system [47,48,65]. As shown in Fig. 16, the power control loop is
followed by a current control system. By comparing the reference
and measured currents, the current controller should generate the
proper switching states for the inverter to eliminate the current
error and produce the desired ac current waveform [66,67].

Table 1
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A schematic of the dq control is presented in Fig. 16. In the case
that the reactive power has to be controlled, a reactive power
reference must be imposed to the system. Linear PI controller is an
established reference tracking technique associated with the d-q
control structure due their satisfactory combinational perfor-
mance. Eq. (8) states the transfer function on the d-q coordinate
structure.

K
N

0
Kp+5

Ky +

0 ®)

Gri(s) =

where K, is the proportional gain and K; is the integral gain of the
controller.

For improving the performance of PI controller in such a
structure, as depicted in Fig. 16, cross-coupling terms and voltage
feed forward are usually used [31-33]. In any case, with all these
improvements, the compensation capability of the low-order
harmonics in the case of PI controllers is very poor. [5-7,18]
proposes the use of PR+HC controller to improve the system
dynamic response, harmonic distortion, eliminate steady state
error and prevent the use of the feed-forward. The phase-locked
loop (PLL) technique [29,30] is usually used in extracting the phase
angle of the grid voltages in the case of PV systems.

7.2. af-Control

In this case, the grid currents are transformed into a stationary
reference frame using the abc— aff module [33,40], as shown in
Fig. 16. The abc control is to have an individual controller for each
grid current; characteristic to this controller is the fact that it
achieves a very high gain around the resonance frequency, thus
being capable of eliminating the steady-state error between the
controlled signal and its reference. High dynamic characteristics of
the Proportional Resonant Controller PR controller have been
reported in different works, and which is gaining common
popularity in the current control for networked systems, is an

Advantage and inconvenient of control structures for single phase inverters.

Topologies Advantage

Inconvenient

Single phase inverter with DC/DC converter

Single phase inverter without DC/DC converter

Single phase inverter with PCSP

Instantaneous current control
Fast Dynamic

Instantaneous current control
Simplicity of the conversion system
Fast Dynamic

Simplicity
Less circuitry

Few resources

Reactive power controlled

e No full control of power factor
e Complex Hardware circuit

No full control of power factor
Complex Hardware circuit

No full control of current
No fast dynamics
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Fig. 16. General structure for dq control strategy.
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alternative solution for performance under the proportional inte-
gral PI controller. The basic operation of the controller PR, is based
on the introduction of an infinite gain at the resonant frequency to
eliminate the steady state error at this frequency between the
control signal and the reference: It does not require the use of feed
forward [7,21].The transfer matrix of the PR controller in the
stationary reference frame is given by:

Kp+sz+w2 0

Gaﬂ(s) - 0 Kp+o-tsy
p

©)

2+ (uz

7.3. abc control

As mentioned in [33], in abc control an individual controller for
each grid current is used however, in any case, having three
independent controllers is possible by having extra considerations
in the controller design. abc control is a structure where nonlinear
controllers like hysteresis or dead beat are preferred due to their
high dynamics. The performance of these controllers is propor-
tional to the sampling frequency; hence, the rapid development of
digital systems such as digital signal processors or field-
programmable gate array is an advantage for such an implemen-
tation. A possible implementation of abc control is depicted in
Fig. 17 [33], where the output of DC-link voltage controller sets the
active current reference. Using the phase angle of the grid voltages
provided by a PLL system, the three current references are created.
Each of them is compared with the corresponding measured
current, and the error goes into the controller. If hysteresis or
dead-beat controllers are employed in the current loop, the

1 Vo
arer

modulator is not necessary. The output of these controllers is the
switching states for the switches in the power converter. In the
case that three PI or PR controllers are used, the modulator is
necessary to create the duty cycles for the PWM pattern.

The PI controller is widely used in conjunction with the dgq
control, but its implementation in the abc frame is also possible as
described in [32].

The implementation of PR controller in abc is simple since the
controller is already in a stationary frame and the implementation
of three controllers is possible as expressed in Eq. (10)

Kp+o5s 0 0
G (s) = 0 K+ 0 (10)
0 0 Kp+o5

Table 2, resume the advantage and inconvenient of control
structures in three phase inverter

8. Conclusion

This paper has presented different topologies of power inverter
for grid connected photovoltaic systems. Centralized inverters
interface a large number of PV modules to the grid. This included
many shortcomings due to the emergence of string inverters,
where each single string of PV modules is connected to the
DC-AC inverter. The multi-string inverter is the development of
the string inverter, where several strings are interfaced with their
individual DC-DC converter (separatey MPPT tracking systems) to
a common DC-AC inverter. Another trend seen is the development

DC

PW M |

AC

Fig. 17. General structure for af control strategy.

Table 2
Advantage and inconvenient of control structures for three phase inverters.

Control Associated controller Advantage Inconvenient
strategies type
dq control e PI e Filtering and controlling can be easier achieved e Very poor compensation capability of the low-order

e Simplicity harmonics

e The steady-state error is not eliminated
afp-control e PR e Very high gain around the resonance frequency is e No full control of power factor
achieved e Complex Hardware circuit

e The steady-state error is eliminated

e High dynamic
abc control e PI e The transfer function is complex

e PR

The transfer function is simple

e Hysteresis High dynamic.

Rapid development

e Dead-Beat

High dynamic.
Rapid development

Simple control for current regulation.

More complex than hysteresis and Dead beat

High complexity of the control for current regulation.

Implementation in high frequency micro controller
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Fig. 18. General structure for abc control strategy.

of the ac module, where each PV module is interfaced to the grid
with its own DC-AC inverter.

The efficiency characteristic of parallel inverters with a com-
mon DC bus is deliberated along with the optimal operation
strategy. Inverter system performance ratio (ISPR) is proposed as
an overall index of lifetime energy conversion efficiency. It shows
that the configuration with a common DC bus is a potential
solution to reduce the energy cost of PV power generation systems

A discussion of the different controllers and their ability to
compensate for low-order harmonics presented in the grid was
given. The PR+HC controller gives a better dynamic response of
the system, very low harmonic distortion and eliminates the error
in the steady state without using the feed-forward voltage. Adding
the harmonic compensator (HC) to the resonant proportional
controller (PR) makes the system more reliable with better
elimination of harmonics. (Fig. 18).

Power factor control and reactive power regulation is known as
the most important issue in connecting PV array to the grid, the
control based on the Shifting Phase for Grid Connected Photo-
voltaic Inverter allows the control in a fast and simple way in case
that not only an active power needs to be injected but also a
reactive one.

Some Implementation structures for three phase inverters, like
dq, aff and abc control were reported. The PI controller is widely
used in conjunction with the dq control. The implementation of PR
controller in @f is commonly used. In the abc control, nonlinear
controllers like hysteresis or dead beat are preferred due to their
high dynamics.
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