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Abstract

The grid-connected issue is one of the major problems in the field of Power Electronics. In this paper, the Three Phase Voltage Source
Inverter (VSI) is controlled by a Space Vector Pulse Width Modulation (SVPWM) Technique. SVPWM control technique and Park
transformation, the managed inverter control system to convert input DC power into AC power, stabilize the output voltage and current,
and feeds the excess power to the utility grid can be achieved by controllers. Usually, the grid source contains higher level of harmonics.
To analyze the harmonics, nonlinear load is connected externally in the point of common coupling. The main aim of this paper is to
modeling, simulation and experimental study of the three-phase grid connected inverter. By using the control algorithm, the grid sides
Total Harmonics Distortion (THD) are controlled to the 1.54% for 800V DC as per the IEEE standard. The stimulation results such as
AC output voltage and current, inverter system power flow, and grid disturbances detection signals, proves the effectiveness of the de-
veloped control algorithm. The control algorithms to makes the for this inverter outputs is pure sinusoidal.

Keywords: Grid Connected Inverter; Voltage Source Inverter; Pulse Width Modulation; Space Vector Pulse Width Modulation; AC Power; Grid; Total

Harmonics Distortion.

1. Introduction

Fossil fuels and hydropower along with non-commercial fuels
such as firewood are considered the main energy resources in
India. However, Because of the growing demand in fossil fuel
resources and the resulting environmental effects, India’s energy
strategy aims to increase the reliance on renewable energy
sources, particularly wind and concentrated solar power. Conse-
quently, the national energy plan aims to achieve 20% of total
generated electricity from renewable energy sources by the year
2020 including 12% from wind energy. This expected to be
achieved through establishing grid-connected wind farms and
solar Photovoltaic (PV) systems. [1].

Most of renewable energy technology produces a DC power out-
put. An inverter is needed to convert the DC electric energy from
the renewable energy source into AC electric energy. The invert-
ers are either stand-alone or grid-connected, In case of grid-
connected inverter, the inverter output voltage and frequency
should be the same as that of the grid voltage and frequency. Con-
sequently, the control of the inverter should be improved to meet
the requirements for grid interconnection. [2].

It is stated that the control tasks of the grid-connected inverter can
be divided into two parts: Input-side controller and Grid-side con-
troller. The control objective on the Input-side controller is to
capture maximum power from the input source. However, the
control objectives on the Grid-side controller are to control the
power delivered to the grid, ensure high quality of the injected
power and Grid synchronization. [3].

A number of researchers deal with control of the grid side inverter,
which use current control loop to regulate the grid current. In other
works, the control of the grid-connected inverter is based on two
cascaded loops: an internal current loop, which regulates the grid

current, [4] and an external voltage loop, which is designed for
balancing the power flow in the system. Moreover, control strate-
gies employing an outer power controller and an inner current
control loop are also reported.

In this paper, a comprehensive study of a three-phase grid-
connected inverter with grid side controller is presented. To carry
this out, the whole inverter system is modelled and simulated us-
ing MATLAB simulation package, while taking into consideration
the non-ideal behaviour of the constituting elements of the invert-
er. In addition, the practical implementation is provided to verify
the simulation results. Three phases Grid Side Converter consists
of the control theory of the grid-side inverter. In addition, the
space vector modulation SVM is presented. Moreover, it explains
the synchronization method for grid-connected power inverters.
[5].

Energy transfer from renewable energy sources to the grid is real-
ized with power electronic converters. Depending on the energy
source, different power converters can be utilized in Distributed
Power Generation Systems (DPGSs). DC energy produced by PV
panels or fuel cells is generally converted to constant DC voltage
with DC/DC converter which provides DC-link of the inverter. In
case of wind power systems, [6] the DC-link voltage is obtained
with an AC/DC converter. In some applications, an additional
DC/DC converter can be used to boost the DC voltage. In the last
stage, an inverter converts the DC energy to AC energy in order to
transfer the energy from DC-link to the grid.

[7] In grid connected systems, two basic considerations are THD
value of grid current and the power factor of the generated power.
The THD value of grid current is required to be less than 5%.
Three-phase currents must be synchronized with related three-
phase voltages. In order to satisfy the power quality standards,
inverter control and modulation technique have an important role.
Three-phase inverters can be controlled in synchronous rotating
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frame (d-q), stationary reference frame (a-f3) and natural frame (a-
b-c).[8] In d-q frame control, three-phase voltages and currents are
transformed by Park transformation into the d-q reference frame
that rotates synchronously with the grid voltage. Thus, three-phase
variables become DC quantities. As the control variables are DC,
different filtering methods can be used, and PI controller achieves
good performance in this reference frame control. In stationary
reference frame, three-phase quantities are transformed into a-f3
frame by Clarke transformation. Thus the variables become sinus-
oidal. PI controller cannot regulate the current well; therefore the
current has a steady- state error. PR controller is the most common
controller in stationary reference frame. As PR controller is used
with a-B quantities, [9] Park transformation can be avoided. The
natural reference frame control uses the three-phase grid voltages
and currents. Hence, each phase value can be controlled individu-
ally. Hysteresis Current Control (HCC) and linear current control
techniques are widely used in stationary reference frame control.
[10] In three-phase grid connected inverters, the most commonly
used modulation technique is Space Vector Pulse Width Modula-
tion (SVPWM). This technique controls output voltage vector of
inverter and provides optimum switching pattern. Optimum
switching decreases the switching frequency and switching losses.
The other advantages of SVPWM technique are constant switch-
ing frequency, low harmonic content and better DC-link voltage
utilization than the conventional sine PWM.

2. Three phase voltage source inverters

[11] In order to control three-phase Voltage-Source Inverters
(VSI), there are two control strategies: current control and voltage
control. The voltage-controlled VSI use the phase angle between
the inverter output voltage and the grid voltage to control the
power flow. In the current controlled VSI, the active and reactive
components of the current injected into the grid are controlled
using Pulse Width Modulation (PWM) techniques.
A current controller is less sensitive to voltage phase shifts and to
distortion in the grid voltage. Moreover, it is faster in response.
On the other hand, the voltage control is sensitive to small phase
errors and large harmonic currents may occur if the grid voltage is
distorted. Consequently, the current control is recommended in the
control of grid-connected inverter.

a) Block Diagram
The block diagram of the three-phase grid connected inverter sys-
tem is shown in Fig.1l. The DC-link voltage is obtained from
three-phase grid with a transformer, a diode rectifier and capaci-
tors. The transformer boosts the voltage and high DC-link voltage
is obtained. [12], [13]
The three-phase two-level IGBT Intelligent Power Module (IPM)
inverter is connected to the grid through L filters. The inverter is
controlled with FPGA control board.
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Fig. 1: Block Diagram of the Grid Connected Inverter.

b) Theory of the Three-Phase Grid-Connected Inverter
The current controller of three-phase VSI plays an essential part in
controlling grid-connected inverters. Consequently, the quality of
the applied current controller largely influences the performance
of the inverter system.

Many control mechanisms have been proposed to regulate the
inverter output current that is injected into the utility grid. Among
these control mechanisms, three major types of current controller
have evolved: hysteresis controller, predictive controller and linear
Proportional-Integral (PI) controller.
Predictive controller has a very good steady-state performance and
provides a good dynamic performance. However, its performance
is sensitive to system parameters. The hysteresis controller has a
fast transient response, non-complex implementation and an in-
herent current protection.
However, the hysteresis controller has some drawbacks such as
variable switching frequency and high current ripples. These cause
a poor current quality and introduce difficulties in the output filter
design.
The main objective of static power converters is to produce an AC
output waveform from a DC power supply. These are the types of
waveforms required in Adjustable Speed Drives (ASDs), Uninter-
ruptible Power Supplies (UPS), static VAR compensators, active
filters, Flexible AC Transmission Systems (FACTS), and voltage
compensators, which are only a few applications. For sinusoidal
ac outputs, the magnitude, frequency, and phase should be control-
lable. [14]
According to the type of ac output waveform, these topologies can
be considered as Voltage Source Inverters (VSIs), where the inde-
pendently controlled ac output is a voltage waveform. [15]These
structures are the most widely used because they naturally behave
as voltage sources as required by many industrial applications,
such as Adjustable Speed Drives (ASDs), which are the most pop-
ular application of inverters. Similarly, these topologies can be
found as Current Source Inverters (CSls), where the independently
controlled ac output is a current waveform.
These structures are still widely used in medium-voltage industrial
applications, where high-quality voltage waveforms are required.
Static power converters, specifically inverters, are constructed
from power switches and the ac output waveforms are therefore
made up of discrete values. This leads to the generation of wave-
forms that feature fast transitions rather than smooth ones.[16]
For instance, the ac output voltage produced by the VSI of a
standard ASD is a three-level waveform. Although this waveform
is not sinusoidal as expected, its fundamental component behaves
as such. This behaviour should be ensured by a modulating tech-
nique that controls the amount of time and the sequence used to
switch the power valves on and off. The modulating techniques
most used are the carrier-based technique (e.g., Sinusoidal Pulse
Width Modulation (SPWM)), the Space-Vector (SV) technique,
and the Selective-Harmonic-Elimination (SHE) technique.

c) Operation of Three Voltage Inverter
[17]Single-phase VSIs cover low-range power applications and
three-phase VSIs cover the medium- to high-power applications.
The main purpose of these topologies is to provide a three-phase
voltage source, where the amplitude, phase, and frequency of the
voltages should always be controllable. Although most of the ap-
plications require sinusoidal voltage waveforms (e.g., ASDs,
UPSs, FACTS, VAR compensators), arbitrary voltages are also
required in some emerging applications (e.qg., active filters, voltage
compensators).
The standard three-phase VSI topology is shown in Fig. 2 and the
eight valid switch states are given in Table 1. As in single-phase
VSis, the switches of any leg of the inverter (S1 and Ss, Ss and S,
or Ss and Sz) cannot be switched on simultaneously because this
would result in a short circuit across the DC link voltage supply.
Similarly, in order to avoid undefined states in the VSI, and thus
undefined AC output line voltages, the switches of any leg of the
inverter cannot be switched off simultaneously as this will result
in voltages that will depend upon the respective line current po-
larity. Of the eight valid states, two of them (7 and 8 in Table 1)
produce zero AC line voltages.
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Fig. 2: Three Phase Voltage Source Inverter.

In this case, the ac line currents freewheel through either the upper
or lower components. The remaining states (1 to 6 in Table 3.1)
produce non-zero ac output voltages. In order to generate a given
voltage waveform, the inverter moves from one state to another.
Thus the resulting AC output line voltages consist of discrete val-
ues of voltages that are Vi, 0, and -Vi for the topology shown in
Fig. 2. The selection of the states in order to generate the given
waveform is done by the modulating technique that should ensure
the use of only the valid states.

Table 1: Switch States for a Full-Bridge Three-Phase VSI

State State Ve Vb Vv, tSOprace et
260N4530FF 1 v 0 N V1405
310N4560FF 2 0 v v VL5
420N1560FF 3 N v 0 V1405
530N1260FF 4 N 0 Vv V=105
640N1230FF 5 0 v Vv Ve=jl55
150N2340FF 6 Voo 0 Vel05
350N 2460FF 7 0o 0 0 V=0
620N1350FF 8 0 0 0 Vg0

3. Design of the inverter

The control block diagram of the system is shown in Fig.3. The
grid voltages are measured, and grid angle is determined with PLL
method. The grid angle is used to transform the grid currents and
voltages from a-b-c reference frame to d-q reference frame by
Park transformation as given in Eqn. (1). The error is calculated
from the reference and measured d-q currents, and the errors in d-
g frame are given to Pl regulators.

The reference d-component of the current defines the maximum
value of the grid current. The g-component current controls the
reactive power flow. It is set to zero for only active power injec-
tion. Pl outputs are summed with feed-forward grid voltage com-
ponents and decoupling components to produce reference inverter
output voltages.

The outputs of the PI regulators are transformed into o-f frame
using Eqn. (2). Inverter reference voltages in a- reference frame
and DC-link voltage are used in the SVPWM, and the switching
signals are produced. [18], [19].
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Fig. 3: Control Block Diagram of the Inverter.
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The phase angle of grid voltage is calculated by software PLL.
The algorithm block diagram is given in Fig. 4. Grid angle is cal-
culated using the g-component of grid voltage. The reference val-
ue of angle is set to zero. Angle error is given to Pl regulator, and
it generates angular frequency.
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Fig. 4: PLL Algorithm Block Diagram.
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The output signal of Pl is added to fundamental angular frequency
of grid voltage to calculate the actual angular frequency. Instanta-
neous phase angle is obtained by integrating the angular frequen-
cy. Phase angle variation with phase-a grid voltage is seen in Fig.
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Fig. 5: Grid Angle Variations.

a) Modeling of System
The circuit topology that is modelled for parametric analysis is
shown in Fig. 6. It is assumed that three-phase grid voltages are
balanced and stable, the switches are ideal, and DC-link voltage is
constant. The system can be modelled in different frames such as
d-q, a-p and a-b-c. d-q model of the system is given in Eqgn. (3).

R 1
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0
Fig. 6: Three-Phase Grid Connected Inverter.
=L _ L 3
Vg = E—wlq+vgd 3)
=139 L
Vg = L —wlig + vgq 4)

Where, va and vq are inverter output voltages, id and iq are grid
currents, Vgd and Vgq are grid voltages, o is grid frequency and L is
inverter output filter inductance. In this study, the system is mod-
elled in a-b-c reference frame as given in Eqn. (5-7). R is the
Equivalent Series Resistance (ESR) value of the inductance.
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The circuit equation for each phase can be derived as seen in Eqgn.
(5). Since the inverter has three-wire, there is a voltage difference
(vno) between neutral point of the grid and negative point of the
DC-link. The vno is defined as a function of inverter output voltag-
es by Eqgn. (6), and the inverter output voltages are defined as a
function of leg switching states by Eqn. (7),

Vio = LSE+ Rije + Vg + Voo ®)
1
Vnozg(Va0+Vb0+VCO) (6)
Vd! Skzl
Vio = Sk V, ={ g } 7
ko k-Vdc 0, Sk=0 (7

In the equations above, k represents the phase of inverter, k € {a,
b, c} and S defines the states of upper switches. When S is 1, the
related upper switch is ON and lower switch is OFF in the inverter
leg. Egn. (9) and (10), the model of the grid connected inverter
can be written in the state-space equation as below,

x = Ax + Bu (8)

The state and input vectors can be defined by Eqgn. (10) and Eqn.
(11), respectively.

X = [ia ip iC]T (10)
Vao—Vga - Vno

u=|Voo-Vgo = Voo (11)
‘/CO—VQC - Vno

b) Grid Synchronization
The inverter output current that is injected into the utility network
must be synchronized with the grid voltage. The objective the
synchronization algorithm is to extract the phase angle of the grid
voltage. The feedback variables can be converted into a suitable
reference frame using the extracted grid angle. Hence, the detec-
tion of the grid angle plays an essential role in the control of the
grid-connected inverter. The synchronization algorithms should
respond quickly to changes in the utility grid. Moreover, they
should have the ability to reject noise and the higher order har-
monics. Many synchronization algorithms have been proposed to
extract the phase angle of the grid voltage such as zero crossing
detection, and Phase-Locked Loop (PLL).
The simplest synchronization algorithm is the zero crossing detec-
tion. However, this method has many disadvantages such as low
dynamics. In addition, it is affected by noise and higher order
harmonics in the utility grid. Therefore, this method is unsuitable
for applications that require consistently accurate phase angle
detection. [20].
Nowadays, the most common synchronization algorithm for ex-
tracting the phase angle of the grid voltages is the PLL. The PLL
can successfully detect the phase angle of the grid voltage even in
the presence of noise or higher order harmonics in the grid.[21]
A controller, usually FPGA, is used to control this variable, which
brings the phase error to zero and acts as a loop filter. The wsrep-
resents the utility nominal frequency that is added to the output of
the regulator then outputted as the grid frequency. After the loop
filter, whose output is the grid frequency, a Voltage-Controlled
Oscillator (VCO) is applied. This is usually an integrator, which
gives the phase locked angle of the grid 6 as output.

4. Simulation results

The Three Phase grid connected Inverter is as shown in the Fig. 7
and the Input voltage of the inverter is set as 900V and the IGBT
Switch is used for the Inverter.

i

,. %
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Fig. 7: Simulation Diagram of Grid Connected Three Phase Inverter.

5. Simulation parameters

The simulation of normal three phase Inverter circuit diagram is as
shown in Fig. 7 and the simulation parameters values are tabulated
in Table 2.

Table 2: Simulation Parameters

Input Voltage 900V
Switch IGBT
Internal Resistance 0.001
Snubber Resistance 1le5

Grid Voltage 325V
Frequency 50Hz

The input voltage of the inverter is set as 900V it is shown in the
Fig. 8 and the grid side voltage is set as 325V, it is shown in the
Fig. 9. Grid side Voltage and current waveform is as shown in Fig.
10 and the grid power is as shown in Fig. 11.

>

o
>

Fig. 8: Simulation df Three Phase Inverter.
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Fig. 9: Input Voltage of the Inverter.
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Grid side Voltage and current waveform is as shown in Fig. 11and
the grid power is as shown in Fig. 12. Grid side Voltage and cur-
rent waveform is as shown in Fig. 13 and the grid power is as
shown in Fig. 14. The output value Parameters are tabulated in
Table 3.

5000 T T T T T T
o
o
£ -50001 \ &
5
&
10000 I 1 I I I | I | I
[ 02 04 06 08 . 12 14 16 18 2
Time (mns)

vy
S

Power (Watts)
[
s 38
L

I I I I I I I I I
02 04 0.6 08 1 12 14 16 18 2
Time (mns)

Fig. 12: Grid side Real and Reactive Power.
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Table 3: Output Parameter Comparison

Input DC Voltage 900V

Grid Voltage 325V

Grid Power -5000 to -10000W
Inverter Power 5000 to 10000W
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Fig. 13: Inverter Current.
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Fig. 14: Inverter Real and Reactive Powers.

THD measurement of input 900V DC voltage is as shown in Fig.
15 and the THD measurement of input 1000V DC voltage is as
shown in below.

THD value of different PWM is shown in Fig. 16. The THD
measurement of different input voltage is tabulated in Table 3.
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Fig. 15: THD Measurement of Input 900 V DC Voltage.
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Fig. 16: THD Measurement of Input 1000 VV DC Voltage.
6. Conclusion

Grid connected Three Phase Voltage Source Inverter (VSI) has
been successfully designed and simulated by using MATLAB
Simulink. The simulation parameters and various waveforms have
been obtained. The obtained result clearly reflects that the de-
signed three phase VSI have reduced the harmonics as per IEEE
standard. The THD measurements are taken for various input volt-
ages and the corresponding results are plotted as well as tabulated.
These results are shown the grid side harmonics are always within
the limit, which is less than 5% (IEEE standard). The developed
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control algorithm for this inverter makes the output signal is pure
sinusoidal.
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