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Investigation of Three-Phase Grid-Connected Inverter for

Photovoltaic Application

Abstract. This paper describes the investigation of the grid-connected three-phase inverter for photovoltaic (PV) application. The inverter control
system modeling is carried out in MATLAB/SIMULINK environment. With the aids of the proportional-integral controllers, sinusoidal pulse-width
modulation (SPWM) control technique and Park transformation, the inverter control system managed to convert PV power to ac power, stabilize the
output voltage and current, and feeds the excess power to the utility grid. The control system generates the PWM signals for power devices, the
insulated gate bipolar transistors in order to regulate the output voltage and current. In addition, the system is simulated with the PV simulator in
order to facilitate the real PV power that to be fed to the input of the inverter. The control system produced 2.48% and 4.64% of output voltage and
current total harmonic distortion, respectively. The simulation results such as the ac output voltages and currents, inverter system power flow, and
grid disturbances detection signals, proved the effectiveness of the developed control algorithm. For the validation, this model is to be linked to the

inverter prototype by utilizing the dSPACE controller.

Streszczenie. W artykule badano tréjfazowy przeksztattnik w zastosowaniu do urzgdzen fotowoltaicznych podtgczonych do sieci. Uktad sktada sie
ze sterownik Pl, uktadu modulacji SPWM i transformacji Parka i umozliwia konwersje napigcia z systemu fotowoltaicznego do sieci ac, stabilizacje
napiecia i pradu. (Badania nad tréjfazowym przeksztaftnikiem podfgczonym do sieci w zastosowaniu do urzadzen fotowoltaicznych)
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Introduction

Having realized the importance of finding alternative
energy resources for the future energy sustainability,
photovoltaic (PV) energy has becomes one of the important
renewable energy sources [1]. With the aid of electronics
power converters mainly the dc (direct current) boost
converters and inverters, this kind of energy can be utilized
and transported to the electric utility [2]-[4]. However, the
inverter efficiency need to be improved further on in order to
mitigate the effects of the self-consumption losses,
unbalanced load on inverter output voltage, nonlinearity, PV
low efficiency and output fluctuation [5], electromagnetic
interference and high level of harmonics content [6]-[13]. In
addition, it is important that the inverter system acquires the
capability to operate with high speed and frequency in
generating the pulse-width modulation (PWM) signals [14].
Hence, the inverter controller which plays an important role
in the improvement of the abovementioned issues, needs to
be enhanced further to uplift the inverter performance in
renewable energy applications, especially in PV. Analogue
circuit controllers, microcomputers, digital circuit controllers,
field programmable gate arrays (FPGAs) and digital signal
processors (DSP), e.g. dSPACE, are among the controllers
used in the inverter control system [15]-[25].

In this investigation work, the inverter control system
algorithm, strategies and modeling are developed and
simulated in MATLAB/SIMULINK. Indeed, the results
presented in this paper are based on the simulation
environment. However, the successfulness of this modelling
is very essential in order to convert it to the prototype later
on for the result validation. This simulation creates a
potential and justification for hardware realization. For this
purpose, the dSPACE controller is utilized for the process of
inverter prototype linking. It serves as handy process to
develop the control algorithm for the inverter development.
The main objective of the inverter control system is to
generate and stabilized the 50 Hz sinusoidal-shape ac
(alternating current) output voltage and frequency. Having
achieved that, together with the grid synchronization
algorithm, the interconnecting of the inverter to the utility
grid is achievable. Detail explanations of the inverter control
system algorithm and its strategy have been discussed.

Grid-Connected Inverter System Description
Fig. 1 illustrates the block diagram of the three-phase

grid-connected voltage-source inverter (VSI) PV system for
the investigation.

As illustrated, this transformer-less PV system consists
of the control system, inverter which interfaces the PV and
the grid, harmonic filter, and PV power simulator featuring
the maximum power point tracking (MPPT) function.
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Fig.1. Block diagram of the grid-connected inverter PV system

Firstty the control system consists of several
subsystems which include voltage and current control
functions, grid synchronization function, PWM generator,
abnormal voltage and frequency detection units, e.g. over
and under voltage and frequency. For the control algorithm,
generating the correct and precise PWM signals for the
power devices is the key factor to the generating and
regulating the inverter ac output waveforms. By means of
the output voltage and current parameters sampling, the
system controller is able to transfer the available maximum
PV power to the load and simultaneously stabilize the
output voltage to a desired level.

Secondly, the PV power simulator with a built-in dc to dc
boost converter and maximum power extracting feature,
generates and simulates the PV dc power that required for
the inverter input stage. With the MPPT algorithm, the
system ensures that the maximum power output from the
PV is achieved. Basically, different solar irradiations and
ambient temperatures exhibit different maximum power
output level. For simplification of the analysis, the
investigation and simulation are executed only at a fixed
solar irradiation of 1000 watt/m? and 25° Celsius.
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The output voltage of the solar cell is a function of the
photocurrent that depends on the solar irradiation level
during its operation [26]-[29]. Equation (1) describes the
behavior of the output current of the solar cell. The
generation of required PV voltage and current for the
inverter input stage is achieved by forming the module in
series-parallel structure as in equation (2). The power
output of the PV array is the product of output current and
output voltage of PV represented in equation (3) [30].

q
M L= Iph -1, = Iph Y [e AKTc

(2) Vpy = Ns[Vref - ﬁ(T - Tref) - RS(T - Tref)]
Ipy = Np [lref +a (ﬁ) (T = Tpep) +

e (305 = 1))

() Ppy = Ipy X Vpy

Below are the characteristics of the PV module simulated
by the PV simulator during the simulation period:

(i) Open circuit output voltage, Voc = 21.8 V

(ii) Short circuit output current, lIsc =5 A

(iii) Maximum power output voltage, Vimp= 17 V

(iv) Maximum power output current, I, =4.7 A

In order to produce a total output dc voltage of 408V
with a power capacity of 5.8kW, 72 units of PV modules are
connected in a series-parallel structure. Then, by utilizing
the PV simulator built-in dc to dc boost converter, the
voltage is managed to be step-up to 700V to match the
inverter input voltage requirement for generating the root-
mean-squared (rms) line voltage of 415V. The generated
ac voltage and current contain undesired harmonics
components which can be reduced or eliminated by the
filter. Consequently, the ac output waveform becomes
almost sinusoidal in shape. The generated ac power from
the inverter is supplied to the load and then dispatched to
the grid whenever there is excess power available. The
latter case is accomplished through the means of grid-
connecting devices, the breaker.

(V+IRs) 1]

Inverter Control Strategy

The inverter control system operation deals with two
modes of operations, standalone and grid-connected.
Initially, the system operates in a standalone mode to
stabilize the output voltage before gaining the grid
synchronization. Once synchronized, the system operates
in a grid-connected mode. Fig. 3 illustrates the two-loop
control strategy structure for standalone mode, which
utilizes PI controllers to regulate the inverter output voltage
and the PV input voltage.

Vd
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abc/dq Pl [ S_P W'}" generator, | 5 PW"{'
Ignal conversion signals
PLL —| N 9 9
Vq _ f=50 Hz
fii = 15 kHZ
Vref >+
Pl
Vdc —
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+

Vdcref
Fig.3. Standalone inverter two-loop voltage control block diagram

The algorithm is made up of several functional blocks
such as phase-locked loop (PLL), axes transformation unit
(abc/dg frame), voltage regulations, proportional-integral
(PI) controllers and PWM signals generation unit.

In standalone mode, the generated power is supplied
only to the local loads, without any connection to the grid. In
this mode, the inverter operates under voltage-control
scheme where the three-phase inverter ac output voltage
Va, Vp and v, with unity power factor are assumed as in
equations (4), are sampled are transformed to dq
components. This axes transformation uses the Park
transformation [31] and utilizing the 50Hz PLL local or
internal synchronizing signal. These voltages are set and
arranged so that they are 120° out of phase to each others.

(4) v ,
v, = Vsin(wt — gn)

=V sinwt

v, = Vsin(wt + gn)

where V is the voltage magnitude and w is the output fre-
quency. The transformation is governed by the equation (5).

i 2 27) |
coswt cos|wt—— | cos|wt+—

v 3 3 v
d a
20 . . 2 . 2
V, |z —sSmwt —sm|of——— | =S of+— |||V,
3 3 3

Yo 1 1 1 Ve

(5) | 2 2 2 |
Under the balanced load condition, the v, term in the dq
coordinate frame can be neglected which left only the vy
and vq terms. Thus, the PI controllers are able to keep track
the reference voltage in both transient and steady-state
conditions for error minimization, which stabilizes the
inverter output voltages. Then the voltages vy and vq4 are
regulated at the reference voltages vaer and Vgrer
respectively by comparing process which generates error
voltages. These error voltages are fed to the PI controllers
for the output voltage regulation. The time domain PI control
algorithm is shown in (6).

(6) u(t) = Kye(t) + K; [, e(t)dt

where u(t) is the output of the PI controller, K, and K; are
the controller proportional and integral gains respectively,
and e(t) is the generated error signal as in equation (7), i.e.
the difference between the reference voltage signal, r(t),
and the measured one, y(t).

(7) e@®=r®-y®

The Pl controller minimizes the rise time or the
overshoot phenomenon and the steady-state error of the
inverter output voltage. It calculates the integral of the error
and adds it up to the proportionate error. Upon summation,
the PI controller generates a control signal in such a way
that the error signal is kept to a minimum value [32]. Thus,
the system is capable of keeping the output voltage as
close as possible to the reference voltage. As a result the
inverter output voltage can be controlled and stabilized as
desired.

After stabilizing the phase output voltage of 240V s and
frequency of 50Hz, the control system senses the grid
voltage, frequency and phase for the grid synchronization.
Then the control system starts to establish the grid
connection through the grid-connecting breaker and
operates in a grid-connected mode. The inverter current is
sensed and then transformed to dq components. As shown
in Fig. 4, this current control scheme has enables the PI
controller to track the reference current based on the error
between the actual current components, Iy and Iq, and their
reference current, lger @and lgrer respectively.
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These reference currents are generated from the dc
voltage control scheme where the dc link voltage, Vg, is
regulated by the PI to track the reference voltage of 700V gc.
For the system protection against the grid disturbances
such as frequency and voltage changes, the system
implemented the voltage and frequency disturbances
detection algorithm. Upon detection of the parameters
changes, a cut off signal is send to the breaker to isolate
the inverter from the grid, leading to a standalone mode
situation.

PWM Signal Generation

At final stage of the two-loop control blocks, the
algorithm utilizes the sinusoidal PWM (SPWM) method,
where the output of the PI controllers involves in generating
the switching signal for the IGBTs. In producing these
signals, the control signals which are the modulating signals
are compared to the 15 kHz triangular wave. The SPWM is
one the method to pulse-width modulate the inverter IGBTs
in order to shape the output ac voltages to be as close to a
sine wave as possible [33]. The switches duty cycles are
modulated by the control signals that is the desired inverter
output fundamental frequency. This triangular wave
frequency establishes the inverter switching frequency at
which the inverter switches are switched [33].

The ac output voltage contains harmonics components
which appear as sidebands, centered around the switching
frequency and its multiple as in equation (8) [33].

(8) Tharmonic =k Mf feontrot

where K is an integer, f.,ntro1 IS the frequency of the control
signal and My is the frequency modulation index as in
equation (9).

_ ftriangular

(9) Mf - fcontrol

The PV input voltage is controlled at a certain voltage
reference which resulted in the regulation of ac output
voltage as in equation (10)
(10) Viimerms = 0.612M,V,
where, V,. is the dc input voltage and M, is the amplitude
modulation index. It is the ratio of the amplitude of control
signal, Vconiro) to the amplitude of triangular wave signal i.e.
carrier signal, vy as shown in equation (11).

(11)

This parameter determines the value of the inverter
fundamental rms output line voltage. It should be
maintained in the range of 0.9 so that no over-modulation
phenomenon occurs, which resulted of higher output
voltage with more harmonics appear in the output waveform
and this condition should be avoided.

M. = A"control
a=
A"tri

The outputs of inverter are connected to the electric
utility by means of the inductor-capacitor filter without the
implementation of an isolation transformer, since it is bulky,
heavy and costly [34]. Instead of feeding to the grid, the
inverter is connected to the three phase load resistive loads
as well. With specific design and type of the filter, nearly
sinusoidal shape output waveforms can be achieved. This
filter acts as a high impedance for higher order harmonics
and low impedance for lower order frequency. It is
recommended to set the cut-off frequency 1 or 2 octave
above the fundamental frequency [35].

Simulation Model

A simulation in MATLAB/Simulink utilizing
SimPowerSystem was conducted to investigate the
effectiveness of the developed inverter control system. It
was simulated for 0.16 seconds with a sampling period of 5
gs. The simulation modeling is shown in Fig. 5.
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Fig. 5: Simulation model for PV three-phase grid-connected inverter

For evaluating the behavior of the inverter control
algorithm especially the dynamic of the system power
balance and the flow of power, the following load profiles
are used:

(i) 5.8kW, where the generated power is the same as

the absorption.

(i) 3.0kW, where the load power requirement is less

than that of the generator.

(ii) 8.8kW, where load power requirement is higher

than that of the generator.

In addition, to assess the capability of the developed
system protection, the disturbances in grid voltage and
frequency are introduced. The disturbances are over
voltage, under voltage, over frequency and under
frequency. For grid-connected mode, the injected current
must be nearly sinusoidal with a unity power factor and
below 5% of total harmonic distortion (THD) [36].

Result and Discussion

In the following section, the simulation results are
presented to validate the effectiveness of the developed
inverter control system algorithm. Fig. 6 presents the three
phase grid voltage waveforms, v,, v, and v in p.u.

As can be seen from the figure, during the initial period
of 0.03s, the inverter operates in standalone mode to
establish the grid synchronization. Obviously, the
waveforms are almost sinusoidal and 120° displaced to
each others. They exhibit a constant voltage of 1.0 p.u
(240Vrms) with frequency of 50 Hz. The control algorithm is
structured so that the inverter starts in off-grid (standalone)
mode, operating as a voltage-controlled inverter, and then
is synchronized with the grid at time t = 0.03s. Then from
this time onwards, it operates in grid-connected mode,
behaves as current-controlled inverter.
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Fig. 6. Three phase grid voltages, v,,v, and v,

Similarly, it can be seen that the current waveforms
posses almost the same sinusoidal shape during the
operation modes and this is shown in Fig. 7. Tiny ripples
can be seen especially at the peak of the waveform during
connecting to the grid, owing to the inverter current-
controlled mode algorithm. This algorithm ensures that the
injected current to the grid is maintained at a constant level.
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Fig. 7. Three phase Inverter output current waveforms, i,, irandic

Fig. 8 illustrates the inverter dynamic flow of power with
three different loads power demand in terms of grid power
contribution.

As can be seen in the figure, during the off-grid mode,
the 5.8kW power generated by the PV is transferred to the
load of 5.8kW. This power balance condition between the
generation and the absorption is continued until the early
period of connection to the grid (0.03 to 0.05sec). As a
result, there is almost no power being drawn from or
dispatched to the grid as shown by the grid contribution
profile.
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Fig. 8. Three phase inverter system power flow.

Then the load power is increased to 8.8kW (0.05 to 0.1
sec), which is equivalent to an increase of 3kW of power.
Apparently, the additional power is drawn from the grid

which was indicated by -3kW at the grid contribution profile.
A scenario where the load demands less power from the PV
is depicted in the period of 0.1 to 0.16 second. In other
words, the load power is reduced to 3kW, causing the
excess power of approximately 2.8kW being fed to the grid
as can be seen in the grid contribution profile.

The above result of system power flow analysis implies
the effectiveness of the control system algorithm in both
standalone and grid interactive operation.

Fig. 9 and Fig. 10 show the THD of the phase voltage
and current waveforms. They are 2.48% and 4.64%
respectively, which are in compliance of below 5% of the
IEEE standard. These results exhibit the effectiveness of
the implementation of developed voltage and current-
controlled algorithms, SPWM technique and filter as well.

—Signal to analy — Availahle signal
(&) Display selected signal () Display FFT window Structure

Selected signal: 8 cycles. FFT window (in red): 3 cycles Scopet ~

Input

o

input 1 v
Signal number:

.S
Lo ;o

Vinverter,va

Time (s) Start time (s |00

FFT analysis
Number of cycles: [3
Fundamental (50Hz) = 0.9855 , THD= 2.48%

. . : Fundamertal freguency (Hz)

| 50
| | | [FFTsettings
| Display style

I Bar (relalive to spesified ba...
***** Base valle: [1 0
! Frequency axs:
- Harmoric order v
Max Frequency (Hz

|
"
10 15 20 000

Harmonic order

Fig.. 9. THD and harmonics spectrum of inverter output voltage

Signal ta analyze Available signals
(%) Dispiay selected signal () Display FFT vindow Structure

Selected signal: 8 cycles. FFT window (in red): 8 cycles inverter_current 3

Input :

gt 1 v
Signal numiser:

1 v

(—FFT wind

Inverter current (p.u)
o

Time (s)
FFT analysis
Fundamental (50Hz) = 0.9948 , THD= 4.64%

Starttime (s): 0.0
Mumber of cycles: [3

Fundamertal frequency (H2):

| | 50

FFT settings
Display style

Bar (relative to fundamertal) v

| Frex

Mag (% of Fundamental)

10 15 20 1

Harmonic order

Fig. 10. THD and harmonics spectrum of inverter output current

The response of the developed inverter algorithm
towards the grid disturbances are illustrated in the following
figures. Fig. 11 shows the over-frequency disturbance
scenario, where the grid frequency is increased to 51Hz. As
mentioned previously, the inverter starts in off-grid mode,
which is indicated in the figure by the zero grid current level,
and then connects to the grid at 0.03 second. After
detecting the disturbance which occurred from the period of
0.06 to 0.09 second, the inverter isolated itself from the grid,
and then shut down at 0.113 second. The system
disconnection period, which is the time of the disturbance
occurrence to the time of grid disconnection, is
approximately 2.65 cycles, which is in the compliance of the
IEEE requirement. Obviously, it can be seen that after
0.113 second, the inverter voltage is zero and no current
flowing to or from the grid, indicating the process of inverter
shutting-down and grid-isolating phenomenon, as to provide
safety protections for both device and personnel.
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the waveform quality and hardware

in

16. Inverter voltage and grid current for grid voltage of
implementation.

211Vrms
Table 1 presents the features of the proposed inverter in

relation to the developed systems. As can be seen, the
proposed inverter features are good compare to others

especially

Fig.
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Time (sec)

Fig. 13. Detecting signal for grid voltage of 264Vrms
13 shows the inverter response in detecting grid

voltage increase to 264Vrms. Firstly, the inverter operates
in off-grid mode and then connects to the grid at 0.03
second, which shown by the ‘high’ voltage level of the
detecting signal. The disturbance detection occurs at 0.06

Fig.
12



Table 1. Comparison of proposed dSPACE inverter control scheme

Features Ref.5 Ref. 12 Ref. 13 Ref. 22 Ref. 25 [Proposed
Voltage THD - 3.5% - 6.8% - 2.48%
Current THD 6.8% 19.8% - 4% 4.64%
Power factor - unity unity - unity

30
Tonolo: 3-level 30 30 10 30 30
pology @transform | 3-level 3-level 5-level 3devel | 3level
er
Switching PWM PWM SVPWM SPWM SVPWM SPWM
Implement simple cor:p e complex complex simple simple
Environmenl pl’Ogram progl"amm [programmin  |programmin prog/Slmu Slmullnk
ming ing g g link
The waveform quality in terms of total harmonic

distortion of the proposed model is 2.48% and 4.64% for
voltage and current, respectively, which is better compare
to some of the work as mentioned. The platform execution
environment is simple compared to huge programming and
computational burden. Moreover, this simulation would be
linked to the PV inverter prototype development using
dSPACE controller.

Conclusion

The investigation of the grid-connected three-phase
inverter for the PV applications has been presented. The
developed inverter control system modeling is carried out in
MATLAB/SIMULINK environment with different load power
demands and grid voltage and frequency disturbance
scenarios. The presented results showed that the inverter
control algorithm is successful in converting PV dc power to
ac power with acceptable THD level for supplying power to
the load and grid as well. In addition, the system manages
to regulate the 50Hz sinusoidal output voltage and
response to the grid voltage and frequency disturbances
effectively. Overall, this investigation has proved the good
performance of the developed inverter control system and
protection algorithm.
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