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Fuzzy-Logic-Controller-Based Grid-Connected
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Abstract—This paper presents a novel fuzzy-logic-based high-
performance control of a three-phase photovoltaic grid-connected
inverter. With the aid of the inverter model and fuzzy-logic-based
voltage and current-control schemes, a digital signal processor
controller board DS1104 generates the sinusoidal pulsewidth mod-
ulated signals for the inverter operation in both stand-alone and
grid-connected modes. An inverter prototype was built to verify
the effectiveness of the control algorithm. The system demon-
strates stable ac output voltage satisfactorily during both transient
and steady state with grid and load disturbances. The control
system generates 2.48% and 4.64% voltage and current total
harmonic distortions, respectively. The output waveforms such as
output voltage, injected current, and the system power flow are
presented to validate the effectiveness of the control strategy.

Index Terms—Current control, fuzzy logic controller (FLC),
grid-connected photovoltaic (PV) system, real-time testing, three-
phase inverter, voltage control.

NOMENCLATURE

Internal resistance of stack.
Output current of the solar cell.
Light-generated cell current.
Diode reverse saturation current.
Diode saturated current.

Cell temperature in Kelvin.
Ideality factor.

Boltzmann constant.

Electron charge.
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Ny Modules number in series.

Ny Modules number in parallel.

@ Current temperature coefficient.
Iy Output current of the PV array.
P,y Output power of the PV array.
T Stack temperature.

Viet PV reference voltage.

Lot PV reference current.

Tret Reference stack temperature.

1. INTRODUCTION

he photovoltaic (PV) system has been becoming one of the

important renewable energy sources due to its availability
and easy access. Since it is a dc power source, an inverter
is necessary to convert it to ac power, which can be used to
power up ac loads or can be transported to the utility grid [1].
In addition, with proper energy management, the PV power
system has become valuable and significant particularly for
remote area users, where the utility is unavailable [2]. The
success of the PV power utilization is associated with proper
control techniques of the inverter [3]. Researchers have been
focusing on various inverter control issues, including self-
consumption losses [4], nonlinearity behavior, output fluc-
tuation, weather dependence and low efficiency of PV [5],
electromagnetic interference, harmonics distortion level [6], dc
bus voltage fluctuations [7], and attainment of unity power
factor [8]. Thus, the design of the inverter controller is a
crucial issue for the overall PV system performance [9]-[13].
For easier implementation, researchers utilized various types of
proportional-integral (PI), and PI-derivative (PID) controllers
to control the PV inverter [14]. There have been consider-
able research works done in the area of single-phase grid-
connected PV inverter using PI, proportional resonant integral
(PRI), quasi-proportional resonance (QPR) control methods to
reduce harmonic distortion, speed up the system response, and
maintain the frequency stability [15]-[18]. However, the well-
known disadvantages on larger output filter, discretization of
grid frequency, and lack of intelligence level of the conventional
PI, PID, PRI, QPR controllers, and their adaptive versions
encourage researchers to apply the intelligent controllers such
fuzzy logic, neural network, neurofuzzy, genetic algorithm,
etc., for PV inverter system [19]-{23]. An adaptive-neurofuzzy-
inference-system (ANFIS)-based supervisory control for three-
phase grid-connected inverter system is developed in order to
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TABLE 1
SUMMARY OF INVERTERS PARAMETERS IN RELATION TO REFERENCES

Ioverter per6 | Ref9 [Ref 10 [Ref 11 |Ref 12 |Ref13 |Ref 27
Parameters
Voltage N/A N/A N/A N/A 6.8% N/A 1.5%
THD
Current 6.8 4.0 8.4 8.87 N/A 19.8 N/A
THD
Power N/A N/A 0.96 0.994 unity unity N/A
Factor
Topology 3-0 3-0 1-0 3-0 1-0 3-0 3-0
3-L 3-L 5-L 3-L 5-L 3-L 3-L
Switching |PWM [SVPWM [SPWM [SPWM |SPWM |SPWM | PWM
Technology
Hardware  [Simple mod mod mod [complex [complex [complex
System Progm Erogm / |Progm [Progm | Progm Progm Progm
ISimulink
Transformer | Yes 1no no no no no no

* N/A- not available, L-level, mod -moderate, Progm -programming

maintain availability of the grid power demand. However, in
the case of large data sets, the ANFIS network training is a
problem [24]. The main advantages of intelligent controllers
are their designs do not need the exact mathematical model
of the system, and theoretically, they are capable of handling
any nonlinearity of arbitrary complexity. Thus, the intelligent
controllers are perfect candidates for controlling PV inverter
system as the Sun, which is the main source for PV system is
unpredictable.

Among the various intelligent controllers, fuzzy logic con-
troller (FLC) is the simplest for inverter control. The FLC is
better than the conventional controllers in terms of insensitivity
to parameter and load variations, response time, settling time,
and robustness [25]. Table I presents the summary of inverters
system parameters in terms of the output voltage and current
harmonics contents, power factor, topology, switching method,
implementation, system environment or platform, and utiliza-
tion of transformers.

Apparently, the design of inverters without the transformers
seems to be more favorable as it improves the overall inverter
physical size and weight [26]. The level of difficulties on the
system implementation is associated with the inverter topology,
switching topology, and system environment or platform. In
regard to the topology and control algorithm, two- or three-level
types of inverters are simple to be implemented. Multilevel
inverters, i.e., above five levels, require a complex control algo-
rithm particularly, in switching signals generation and system
coordination, which adds computational burden to the proces-
sor [27]. Moreover, the increased number of semiconductor
switches causes the overall system costly [28].

Therefore, in this paper a new fuzzy logic control strategy
is developed for high-performance control of grid-connected
three-phase PV inverter system. In order to a test the effective-
ness of the proposed control technique, a 3-kW prototype PV
grid-connected three-phase inverter is built using the DSP board
DS 1104. The proposed FLC demonstrates stable ac output
voltage of the inverter satisfactorily during both transient and
steady-state conditions, including the grid and/or load distur-
bances. Moreover, the inverter is capable of feeding excess
power to the grid when the power generation is more than
local demand. The developed control system generates only
2.48% and 4.64% of output voltage and current total harmonic

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 51, NO. 6, NOVEMBER/DECEMBER 2015

3-@ inverter )
' Breaker Grid
PV simulator DC j 1 _|
with MPPT link \GBTe Filter > /\/
i
Vpv V. PWM linverter Load Breaker | v_ .
Ipv de signals Vinverter onjorr | | Ed
Tinverter 1 ot
4 Fuzzy
Vgrid ’—|PLL abe/dq
L] 1

Grid synchronize

A

Fuzzy

Voltage control

I
1 I
Vde —L»f : L et
I
I
Vdoref | |
I

v grid_Frea.& voltage

Current control

Breaker
ON/OFF

pv
linverter
Vinverter

Fuzzy control system

Fig. 1. Overall control scheme for PV-based inverter system.

distortions (THDs), respectively. The output waveform results
such as the inverter output voltage, injected current, and the
system power flow are presented to validate the effectiveness
of the control system. The developed FLC control system also
exhibits better performance in reducing the output voltage and
current overshoots, as compared with that of the PI controller.

II. PV-BASED GRID-CONNECTED INVERTER SYSTEM

The configuration of the PV-based three-phase grid-
connected voltage-source inverter system considered in this
paper is illustrated in Fig. 1.

It consists of an FLC control system, PV simulator, inverter,
and load. The control system consists of several subcontrol
modules, which include voltage and current-control functions,
grid synchronization, pulsewidth modulated (PWM) signal gen-
erator, abnormal voltage detections such as over- and under-
voltage and frequency. By means of the output parameters
sampling such as voltage and current, and implementation of
control and maximum power point tracking (MPPT) algorithm,
the system controller managed to transfer the maximum PV
power to the load, as well as stabilizes the ac output voltage,
current, and frequency to the desired levels. These objectives
are accomplished with the generation of PWM signals for the
inverter switching devices. A controllable breaker is used for
connecting and disconnecting the inverter to the grid line.

The PV simulators with a built-in dc—dc boost converter
along with perturb-and-observe (P&O)-based MPPT algorithm
generates the suitable and regulated dc power required by the
inverter. In P&O, the PV parameters, e.g., voltage or current
is increased or decreased continuously in order to extract the
maximum power from the PV panel. The block diagram of the
PV simulator is shown in Fig. 2(a). Detailed MPPT method
and algorithm can be found in [29]. With the MPPT feature,
the PV system transfers maximum power at different solar
irradiations. The PV output parameters vary at different solar
irradiations and temperature. In this paper, for simplification,
the implementation is executed only at a fixed solar irradiation
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Fig. 2. Three-phase grid-connected (a) PV simulator and (b) inverter topology.

of 1000 W/m? at 25 °C. The parameters of the PV module
includes the open circuit voltage, V,. (21.8 V), short-circuit
current, Iy (5 A), voltage at maximum power, Vi, (17 V),
and current at maximum power, I, (4.7 A). The PV array is
formed by modules connected in series-parallel combinations
to produce total dc output voltage of 408 V with a power
capacity of 5.8 kW to be fed to the dc—dc boost converter.
In principle, the output voltage of the solar cell is a function
of the photocurrent that depends on the solar irradiation level
during its operation. The output current of the solar cell can be
represented as

I = Ion = To = Ion = Lo [eTRT(HED 1] 1)

The voltage and current generated by the PV system depend
on the combination of N, (number of series module) and IV,
(number of parallel branch) of PV arrays, which are given by
(2) and (3), respectively,

VPV = NS (V;ef - 6(T - Tref) - Rs (2)
G G
Ipy=N Iie — |(T' = Tre — = 1) Iy ).
pv=ae ( ita (1000>( 0+ (1000 ) )
(€))

The power output of the PV array is given by [25]
Ppy = Ipy x Vpy. 4)

By utilizing the dc—dc boost converter, the PV voltage, V},, is
stepped-up to 700 V for the inverter dc input voltage, Vq.. This
is achieved by varying the duty cycle, D of the power device
using the PWM method, as described in

_ Vev
1-D

Vdc . (5)

The topology of the three-phase inverter is shown in
Fig. 2(b). It consists of mainly a dc link, power stage [insulated-
gate bipolar transistor (IGBT) inverter], and filters. The dc link
consists of a 30 uF capacitor, which links the dc power to the
inverter system. Its high capacitance helps to stabilize the input
voltage for the inverter. The inverter is connected to the grid
through filter inductor of 1.8 mH in each phase which reduces
the high-frequency harmonic components injected to the grid
system [31]. The PWM logic signals S1, S2, S3, S4, S5, and
S6 for the inverter switches are generated by the controller
based on the inverter output parameters and strategy of control
algorithm.
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A. Overall Control Principle

The control strategy for the switching signals generation
consists of several functional components such as phase-locked
loop-type grid synchronization, abc—dq0 coordinate transfor-
mation, voltage and current regulations, fuzzy-logic controllers,
system protections, PWM signals generation and signals
conversion.

Initially, in a stand-alone or off-grid mode, the inverter oper-
ates undervoltage-controlled scheme and supplies power to the
ac loads. The inverter ac output voltage is sensed and converted
to dq0 components by utilizing the Park’s transformation. This
is done to ease the three-phase analysis and design of the
control system. Thus, the FLC is able to keep track the reference
voltage in both transient and steady-state condition, stabilizing
the inverter output voltage and frequency. Once synchronization
with the grid is achieved, the controllable breaker connects
the system to the grid. This is the current-controlled scheme,
where the current is controlled and injected to the grid. The
FLC tracks the desired current based on the error generated
between the actual current components, Iy and [, and their
respective reference currents, i.e., Iqrer and Igrer, which are
generated previously in the voltage-controlled scheme. In this
scheme, V. is compared with the reference voltage, i.e., Vicret,
and an error is produced. This error is fed to the FLC for the
error minimization. The output signal of the controller serves as
a reference current, I4,.¢ for the previously described current-
controlled scheme.

The other part of the control system is the system protection
algorithm. The operability is tested with the application the
grid disturbances to the system, e.g., overvoltage, undervoltage,
overfrequency, and underfrequency. Considering safety as the
priority, the breaker contactor opens-up and the inverter shuts
down in the present of abnormalities. e.g., grid voltage increase
and decrease above 110% and below 88%, respectively, fre-
quency increase and decrease above 51 Hz and below 49 Hz,
respectively.

III. PROPOSED Fuzzy LoGIiC CONTROL

The basic architecture of the FLC used in the control strategy
is shown in Fig. 3. The main elements that makes up a FLC
system are the fuzzifier unit at the input terminal, knowledge



4778

u(e).u(Ae),(Au)

Fig. 4. Membership functions for error, change of error, controller output, and
rule-based matrix table.

based (rule base) and the inference engine, and defuzzifier at
the output terminal. In FLC-based control system, the required
variables are the input and output variables. The inputs to
the FLC are the parameters or variables of the process to be
controlled, which depend on the applications. Normally, an
error and its rate of change are chosen for the input variables.
Meanwhile, the change of current and voltage are selected
to be the output variables. An error in discrete time is the
difference between the desired output or reference, r(k), and
the process output variable, y(k). The current sample of error,
e(k) and the change of error Ae(k) are defined in (6) and (7),
respectively.

These variables universal discourse, which are normalized
to fit into the interval value between —1 and +1, require
seven membership functions, as shown in Fig. 4. Any input,
which is not in this range, is considered too big and gener-
ate large error signals. For simplification, the triangular and
trapezoidal membership functions are utilized. Using triangular
and trapezoidal membership functions, the controller manages
to reduce the error signal in a faster manner that increases
the system transient response. The membership functions are
labeled as NB for “Negative Big,” NM for “Negative Medium,”
NS for “Negative Small,” ZE for “Zero,” PS for “Positive
Small,” PM for “Positive Medium” and PB for “Positive Big.”
The input variables are fuzzified through these membership
functions

e(k) = r(k) —y(k) ©)
Ae(k) = e(k) —e(k —1). @)

By the essence of the inference process and with the aid
of the knowledge-based rules, the fuzzy output is generated.
The important part of the FLC is the knowledge-based element,
which consists of a list of fuzzy rules [32]. The inference
process is to generate a fuzzy output set according to the IF-
THEN rules. With these rules, the fuzzy controller behaves in-
telligently and capable of imitating humanlike-decision. There
are 49 rules of “IF-THEN” logic related to the inputs and
outputs, as shown in Fig. 4. This logic makes the control
function into an FLC. From the figure, some of the rules are
as follows:
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Fig. 5. Test setup for prototype PV-based grid-connected inverter system.

Rule 1: IF “error (¢)” is NB AND “Aerror(Ae)” is NB THEN
Au is NB

Rule 2: IF “error” is NM AND “Aerror” is NB THEN Au is
NB

Rule 3: IF “error” is NS AND “Aerror” is NB THEN Au is
NM

Rule 4: IF “error” is ZE AND “Aerror” is NB THEN Au is
NM

Rule 5: IF “error” is PS AND “Aerror” is NB THEN Au is
NS

Rule 49: IF “error” is PB AND “Aerror” is PB THEN Au is
PB

In the system implementation, the fuzzy controller output,
u(k + 1)Ts, keep changing in every sampling time until it
reaches a steady-state condition, as described in (8) [33]

u(k +1) = u(k) + Au(k) (8)

where Au(k) is the sample of controller output. In this paper,
the center of area defuzzification method is used to calculate the
actual output from its fuzzy value as given in (9). It is a simple
and accurate technique, which finds the “balance” point of the
solution region by calculating the weighted mean of the fuzzy
region

2iz1 (i)

where 11(u;) is membership value of the combined membership
function corresponding to each rule.

IV. DSP-BASED PROTOTYPE IMPLEMENTATION

In order to validate the effectiveness of the proposed algo-
rithms in real time, the proposed FLC-based PV grid-connected
inverter system is experimentally implemented using dSPACE
DSP board DS1104 [34]. The control algorithm is specifically
designed for the PV application whereby its output power fluc-
tuates depending on the solar irradiation levels. The experimen-
tal test set up for the 3 kW prototype PV-based grid-connected
three-phase inverter is shown in Fig. 5. The dc power source is
provided by the 3 kW solar panels of Solartif STF-120P6PV, as
shown in Fig. 6. The solar panel requires open-circuit voltage
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Fig. 6. Solar panels used in the experiment.

TABLE II
DEVELOPED INVERTER PROTOTYPE’S PARAMETERS

Parameter Meaning Value/model
Ve Dc link voltage 700V
S;—87 Switching signals for IXDR30N120D1
IGBTs
Cye Dc link capacitor 4300uF
Fi IGBT switching 15 kHz
frequency
Litrer Filter inductance 1.8 mH
Cfitter Filter capacitance 30 uF
Topology Three-phase -
Switching Technology ~ SPWM -
DS1104MUX_ADC CONTROL SYSTEM DUTY CYCLE
= CONVERSION PSR
DSH04ADC_CS ake = o _l'_> Prieyclcs
Inverter current Out Duty cycle b
ADC Deinput Out 3| Duty cycle ¢
DSI104ADC_C6 Grid voltage b _|—> PWM Stop
Grid voltagePWM 01t
DS1104SL_DSP_PWM3

ADC
DS1104ADC_C7

SLAVE BIT OUT

DS1104BIT_OUT_CO
ADC - -

DS1104ADC_C8

Fig. 7. Real-time Simulink model of three-phase inverter.

of 21.5 V, short-circuit current of 7.63 A, maximum power at
voltage 17.40 V and current 6.89 A. The inverter accepts dc
input voltage of 700 V from the boost converter and generates
output voltage of 240 V at frequency of 50 Hz. With filter
parameter of 1.8 mH, the output waveforms require low THD.
The DSP board DS1104 is installed inside a personal computer
with uninterrupted communication capability through a dual
port memory. The DS1104 board is mainly based on a 64-bit
PowerPC type PPC603e processor. The DSP is supplemented
by a set of on-board peripherals used in digital control systems,
including analog to digital (A/D), digital to analog (D/A)
converters and digital incremental encoder interfaces. The
detail parameters of the developed prototype are shown in
Table II.

For real-time implementation, the real-time Simulink model,
as shown in Fig. 7 is developed and then downloaded to the
DSP board using the MATLAB/Simulink real-time workshop
(RTW) tool and dSPACE ControlDesk software. With the appli-

4779

«eseeseeeees Inverter injected current
........ Inverter voltage
Grid voltage

S
= n

Voltage and current (p.u.)
S
W

Standalone )_/, i Grid-connected mode
-15 t H T T T T T T
0 005  0v4 006 008 0.1 012 014 7 0.16
Time (sec)

Fig. 8. Inverter injected current, inverter voltage, and grid voltage.

cation of the dSPACE graphical user interface (GUI) software,
the monitoring of the performance and behavior of the inverter
in real time is made possible. Moreover, the user is able to alter
the controller parameters and immediately observe the effect of
the system performance in real time as well.

V. RESULTS AND DISCUSSION

The prototype grid-connected PV inverter control system
was tested at different scenarios such as load variation, grid
voltage and frequency disturbances. Sample results are pre-
sented in the following. During normal synchronization of the
inverter with grid, Fig. 8 shows the tested waveforms of inverter
output voltage, injected current and grid voltage for one phase
for a period of 0.16 s with a sampling period of 5 us.

It is seen from this figure that all the waveforms are nearly
sinusoidal with a frequency of 50 Hz and having peak voltages
of 1.0 p.u. This is equivalent to rms phase voltage of 240 V or
line voltage of 415 V. Initially, the system is started in a stand-
alone mode operating as a voltage-controlled inverter. Then,
the inverter requires the grid frequency and phase, thus make
it possible to connect to the grid. Once synchronized, the grid-
connecting switch is closed and the system operated in a grid-
connected mode and behaved as a current-controlled inverter at
0.03 s. This is an important feature that a PV grid-connected
inverter should require in order to connect to the grid safely. It
can be seen that the voltage is kept constant during the period
of connection with the grid, as to provide constant power flow
to the grid. The injected current achieved in-phase condition
with the grid voltage (unity power factor) except at the begin-
ning of the connection due to some control algorithm delay.
During the grid-connected mode, the system operated in
current-control scheme and the behavior of the reference-
current tracking can be seen with very small ripples in the cur-
rent waveform. The role of the FLC in regulating the injected
current to the grid was depicted by the constant level of the
current waveform. In other words, the inverter was able to
transfer the constant PV power to the grid and load.

It is important to know the power flow of the PV grid-
connected inverter system. The inverter system power flow is
shown in Fig. 9. For the period of 0 to 0.05 s, the load demand
is 5.8 kW, which is considered as 100% load scenario, there
is almost no power flowing to the grid. This is due to a power
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Fig. 9. Inverter system power flow using (a) PI controller and (b) FLC
controller.

balance condition between PV and load, where the generated
power is equal to the power demand. During the grid-connected
mode, from 0.05 to 0.1 s, the load power is increased to 8.8 kW.
This is considered as 150% load scenario, which is equivalent to
an increase of 3 kW. This is a condition where the load demands
more power from the PV. Since PV has the capacity of 5.8 kW,
the additional balance of power is drawn from the grid, which is
indicated by —3 kW in the grid contribution profile in the figure.
The grid continues to supply power to the load until 0.1 s., when
the load is reduced to 3.0 kW. This is a 50% load scenario,
where the load uses less power compared with the generated
one. Hence, the excess power from the PV, which is approx-
imately 3 kW is dispatched to the grid, which shown by
the +3.0 kW in grid contribution profile line. The analysis
of power flow scenarios has demonstrated the ability of the
inverter to extract power from the PV and feed to the load
and grid.

A small step transient condition is observed when switching
the inverter from stand-alone mode to grid-connected mode,
as shown in Fig. 9. However, the developed FLC controller
compensates the overall transient effects and the system come
down to steady-state condition quickly. The short transient
condition happens due to the tedious FLC tuning and curse of
dimensionality to set up the rules.

In general, a grid-connected system is in invariantly rich
transient conditions. PV-based grid-connected system accom-
modates both the power versatility of solar radiations and the
frequency and system load variations. It is seen that using PI
controller, inverter system exhibit much transients and over-
shoots effect in PV and grid-contributed power compare to
FLC controller, as shown in Fig. 9(a). However, the developed
FLC controller compensates the overall transient effects and the
system come down to steady-state condition quickly, as shown
in Fig. 9(b). The short transient condition happens due to the
tedious FLC tuning and curse of dimensionality to set up the
rules.
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The corresponding load voltage and current waveforms dur-
ing the load demand variations are shown in Fig. 10. Both
waveforms are in phase during the load variations period. An
increased of the load power demand beyond the PV capacity
has caused the additional power drawn from the grid. This is
shown by the current waveform during the period of 0.05 to
0.1 s. A drop of load power demand after 0.1 s onward has
shown a decreasing of load current. Consequently, the excess
of PV power was exported to the grid. Importantly, the load
voltage was kept constant regardless of the load power profile
as to provide constant power flow to the load and grid.

The criterion of having quality output power acquiring lower
voltage and current harmonic contents for the inverter is im-
portant particularly when connecting to the grid. By utilizing
the fast Fourier transform (FFT) technique, the THD of the
phase voltage and current waveforms are calculated to be
2.48% and 4.64%, respectively. These levels are below 5%
and hence, complied with the IEEE Std. 929-2000 [30]. The
waveforms and their respective harmonics spectrums are shown
in Figs. 11 and 12. The harmonic levels are resulted from the
effectiveness of the control algorithm that employs the FLC,
sinusoidal PWM (SPWM) technique, voltage, and current-
controlled algorithms, and filter.

The performance of the FLC and PI controller are evaluated
in terms of transient and steady-state response in stabilizing
the dc-link voltage for ensuring low ripple on the inverter ac
output waveform. During the stand-alone mode, FLC exhibited
good response with no overshoot during the initial stage of the
transient response, as shown in Fig. 13. Unlike the FLC, PI
controller transient response shows an overshoot occurred at
the starting point before stabilized, which is shown in Fig. 14.
The steady-state response characteristic for the grid-connected
mode was considered good for both controllers as can be seen
after ¢ = 0.04 s onward.
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The inverter behaviors during grid disturbances such as over-
voltage, undervoltage, overfrequency, and underfrequency are
shown in the following figures. Such disturbances are purposely
applied in order to access to ability of the inverter control algo-
rithm to handle disturbances in a safely and properly manner.
Such responses were evaluated based on [35], which stated that
the inverter should cease to energize the utility line in the con-
ditions, where the grid voltage increased above 110% (264 V)
and dropped below 88% (211 V) of the nominal voltage, i.e.,
240 V. As for the frequency, the inverter system was evaluated
for the frequency increased above 51 Hz and decreased below
49 Hz. The disturbances were introduced for a time period of
0.06 to 0.095 s.

Figs. 15 and 16 show the overfrequency situation when the
grid frequency was increased to 51 Hz. Initially, the inverter was
in a stand-alone mode that is shown by the zero grid current.
Then, at 0.03 s, it is connected to the grid. After detecting
the disturbance, which occurred from 0.06 to 0.09 s, the in-
verter disconnected itself from the grid, and then shut down
at 0.113 s. The isolation process, which is the moment of the
disturbance occurrence to the time of grid disconnection, was
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Fig. 17. Grid voltage and detecting signal during frequency decrease.

approximately 2.65 cycles. It complies with the requirement of
IEEE Std. 929-2000. This is shown in Fig. 16, where at 0.113 s
onward, the inverter voltage and grid supplied current were
zero, resulted from the inverter shutting down based on grid-
isolating algorithm to provide safety protections.

The underfrequency scenario when the grid frequency
dropped to 49 Hz is shown in Figs. 17 and 18. The inverter
started with the stand-alone mode, operating with zero grid
current, and then connected to the grid at 0.03 s. The inverter
has detected the disturbance which occurred at 0.065 s, and then
turned off and isolated itself from the grid at 0.118 s. Like the
overfrequency case, the inverter shutting down and isolating
process took about 2.65 cycles, which is within the range of
the IEEE Std. 929-2000. As important as in the overfrequency
scenario, the underfrequency disturbance occurrence should be
managed so that device and personnel protection are guaran-
teed. This is shown from Fig. 18 where at 0.118 s onward, the
inverter voltage and grid supplied current were zero, owing to
the inverter shutting down based on grid-isolating algorithm.

Figs. 19 and 20 show the inverter reaction when detecting
grid voltage increase to 264 V. Initially, the inverter operated in
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Fig. 20. Grid current and inverter voltage during grid voltage increase.

stand-alone mode and then started to connect to the grid at 0.03s.
This is shown by the “high” voltage level of the detecting
signal. The inverter has detected the grid overvoltage distur-
bance which occurred at 0.0625 s and then caused the detecting
signal to become “low” level, disconnecting it from the grid and
switched off the inverter simultaneously. Consequently, there
was no grid current flowing through and the inverter terminal
voltage became zero, which is shown in Fig. 20.

The inverter behavior when the grid voltage dropped to 211
Vims 18 shown in Figs. 21 and 22. Initially, the inverter was
in stand-alone mode and then started to connect to the grid
at 0.03 s. This is shown by the “high” voltage level of the
detecting signal. The grid undervoltage disturbance was set at
0.065 s. Upon detection, the control system has caused the
detecting signal to become “low” level, isolating it from the
grid and immediately switched off the inverter. As a result, no
grid current flowing through and the inverter terminal voltage
became zero, as shown in Fig. 22.
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The transient behavior of grid current during the period of
grid connection with the inverter shows decaying and distorted
features under increased and decreased frequencies and voltage
conditions. This happened due to increased load power demand,
which, in turn, exhibits 180° out of phase between grid current
and inverter voltage. In general, grid requires sinusoidal ac with
stable voltage and frequency; however, this test is conducted
at increased and decreased frequencies and voltage conditions
to observe the controller efficiency. It is observed that upon
detecting the deviation from the nominal condition, the control
algorithm isolates the PV-based inverter system from the grid
and immediately switched off the inverter.

VI. CONCLUSION

The modeling and real-testing of a specific FLC for high-
performance control of a grid-connected three-phase PV in-
verter have been presented in this paper. The control algorithm
was implemented in real time using DSP controller board
DS1104. The prototype system has been tested for different
loads, the grid voltage and frequency disturbance scenarios.
The obtained results showed that the inverter control system
employing FLC is very effective in producing stable and nearly
sinusoidal waveforms of both voltage and current. Moreover,
the inverter is able to transfer the available excess PV power
to the utility grid. In addition, the inverter has successfully
detected the occurrences of grid disturbances and capable of
disconnecting it from the grid as to provide protection for
both device and personnel. Real-time results showed that the
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proposed fuzzy logic controlled PV inverter system is capa-
ble of generating quality PV power to the grid, maintaining
unity power factor and handling the grid voltage/frequency
disturbances. Thus, the developed control system is found very
effective and practical for the prototype realization of PV-based
grid-connected system utilizing DS1104 controller board.
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