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Performance of Three Level H-Bridge Inverter in
Grid Connected Solar PV for Multifunctional
Operations using Different Control Techniques

Darshni M. Shukla, Naimish Zaveri

Abstract; This paper presents multifunctional operation
capability of three level cascade H bridge inverter for grid
connected solar pv application. The solar panel and inverter are
modelled for unbalance and nonlinear loads with three control
techniques (pg,dg,cpt) and its performance is simulated in the
MATLAB environment using SIMULINK and Sim Power System
(SPS) toolboxes. The performance of inverter is evaluated for
harmonics elimination, power factor correction apart from active
and reactive power support to grid and nonlinear load
.Performance of threelevel H bridgeinverter is evaluated for both
PV mode and STATCOM mode using three control techniquesfor
distribution grid.

Keywords: Active power filters, Cascaded H-bridge inverters,
Compensation strategies, Conservative power theory, space vector
modulation.

. INTRODUCTION

I nthelast few decades, solar energy has been one of the most

active research areas among renewable-energy sources.
Photovoltaic systems connected to the electrical power grid
are gaining more and more popularity as demand for energy is
increasing worldwide. Multilevel inverters have been
attracting more and more attention in the past few years as
power converters in high voltage and high power grid
connected applications due to their improved voltage
qualities over the conventional two-level inverters. These
MLIs with appropriate control improves the performance of
the grid connected energy sources, even at lower switching
frequencies with lesser filter components [1] [2]. The
conventional grid connected inverters employ two stages of
power converters for photovoltaic applications. The first
stage isadc/dc boost converter which is connected to the PV
panel and tries to extract the maximum power from PV
panels. The next stage is a voltage source converter which
triesto transfer the electric power into the grid at unity power
factor.
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Thiskind of PV inverter, however, will lead to higher losses
and complexity compared to single stage inverters due to
insertion of dc/dc convertersthus single stage transformer less
topologies are becoming more popular due to compact size
and higher efficiency. Smart inverters can perform multiple
functions involving both reactive and real power control in
addition to their main task of converting DC power to AC
power.
These functions include voltage regulation, power factor
control, active power controls, fault ride through, and
frequency control, etc. Many research isgoing on to eliminate
the usage of other reactive power compensation schemes by
exploring multifunctional capability of inverter. The smart
control of inverter isbasically the ability to supply real power
to local load up to the rated capacity of inverter and provide
voltage support at the point of common coupling (PCC). Grid
interconnection standards are  also is being revised to
facilitate the adoption of smart inverter functions [7].Among
the varioustopologies, of MLIsthe cascaded H-bridge (CHB)
inverter is especialy interesting for photovoltaic (PV)
applications as it needs the minimum number of components
for synthesizing the same number of voltage levels. It aso
provides severa distinct DC links which alow the
independent control of PV arrays[4] [5] [6].
The power conditioning stage interfacing the PV modules to
the grid has attracted the attention of researchers. Several
power conditioning methods and control strategies have been
introducing for harmonics, reactive and unbalanced current
compensation [11] [12].Active and reactive power control of
three level inverter is proposed in [14] while active filtering
capability of three level cascade H bridge inverter for various
control isexplorein[15].Most of the paper found in literature
explore one or two functionality along with active power
integration to grid. Multiple functionality of smart inverter
proposed by various researcher is combined in this work.
The lineament of this paper is comparative analysis of the
three most popular grid control techniques proposed in the
literature to control three phase three level H- bridge inverter
based photovoltaic plant. To explore its multifunctional
capability the Maximum power point (MPP) control without
DC/DC converter is also incorporated and develop a smart
control for three level three phase voltage source inverter
(VSl) which enables a Photovoltaic Power plant (PV) to
operate as active filter, reactive power compensation, power
factor correction and STATCOM in addition to operating asa
source of renewable power generation.
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Different control methods are applied for power
conditioning and hysteresis PWM is used for switching of the
inverter and the performance of inverter will be analyzed and
evaluated. The rest of the paper is organized under the
following headings.

Section Il begins with small description of system
configuration with CHBMLI topology, followed by a detail
description of all three control scheme for generation of
required compensation currents in section I1l. Section 1V
presents the result of applying the different control strategies
to a uniqgue simulation platform designed in the
Matlab-Simulink frame. Besides, this section presents
different graphs and data tables to compare those resuits.
Finally, in Section VI conclusion is presented.

I1. SYSTEM DESCRIPTION

In this paper operation of three-phase, three-level cascade
H bridge inverter for the grid-connected PV system with
multiple functionality is explored. Conventional diagram of
the proposed system is shown in figure 1. Three control
technique PQ, DQ, CPT has been used for PV system active
power injection aswell as harmonicsfree current injection the
grid. Hysteresis PWM technique has been used for switching
of the inverter.
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Fig.1 Block diagram of the proposed system

Incrementa (In& Co) conductance method is used for MPPT.
Matlab Simulink based modelling has been done for
evauation of various control technique A relative study is
carried out about its performance in the compensation by
means of total harmonic distortion (THD) value measured in
the source currents after compensation. Three phase thyristor
bridgerectifier ischosen asanon-linear load with RL, RC and
two single-phase bridge in two arms in output (unbalance as
well as nonlinear).Model is smulated for both equal and
unequal irradiance values.

IIl. CONTROL STRATEGIES'METHODS

An overview of PQ, CPT and DQ control is presented in
this section. Publication [10],[11][12], [13], is referred for
reference current generation.

3.1 I nstantaneous power theory

The instantaneous power theory block diagram of which is
showninfig.2, proposed by Akagi isalso known a PQ theory.
Thistheory is based on the Clarke transformation of voltages
and currents from abc to of0 orthogonal coordinates.
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Applying the Clarkes transformation, the phase voltages in
the ap0 coordinates have the form

101 1
v, \"E \"? \"E v
VU 2|, 1 1 Va 1
Vct = p 2 2 VIJ ( )
: o ¥ _vi| e
2 2

Likewise, the instantaneous currents can be transformed to
ap0 coordinates. Three instantaneous powers. the zero
sequence power (p_0) and real power (p), and the imaginary
power (q) are determined from the instantaneous phase
voltages and line currents in af0 coordinates as

|p| 0 v, Vg i,
al =10 Ve —va| [ip

The instantaneous real power (p) and instantaneous zero

sequence power (Po), determined in off0 coordinates, can be
associated to the instantaneous three phase active power (p)
determined

@)

Pgﬁ = Vaia +Vﬁiﬁ+V0iUVaia +Vhih+vcic (3)
This can be smplified in case of three wire systems as
PBﬁ =p= Vaia + Vﬁlﬁ (4)

Then, concept of the instantaneous imaginary power (q),
defined as:

qZVﬁia‘i‘VGiﬁ (5)
Thus power can a so be express as
(p=P+P) and (q=9+7) (6)

Where (P) and (2) represent the average and oscillating
components of (p) and (q). The oscillating parts of (p) and (q)
are related to the occurrence of unbalanced and distorted
voltages and currents. Finaly, after some mathematical
manipulation, each power term from (6) can be contemplated
to a current term which can be directly corelated to the
operation of selective shunt compensation.
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3.2 DQ control strategy
In this technique, the load currents are transformed from the
abc dationary reference frame to the dg synchronous
reference framein order to separate the fundamental positive
and negative sequence components of instantaneous currents.
The transformation to translate load currents from the abc
Frame to the dg frame is given by:

A,

iy l cos(8)
I J j —sin(#)
The inverse transformation to transfer the currents from the
dq frame to the abc frameis given by

cos(8 — 2 /3)
—sin(8 — T

cos(f# +
—sin(8 + 7:?,;’3

i, cos(6) —sin(@ .
lih| :\E cos(8 —2n/3 —sin(6 +21/3 FdJ )
i. cos(8 + ?) —sin(8 + 2n /3

The synchronization angle (0) is a time-variant angle that
represents the angular position of the dq synchronous
reference frame. Thisframe isrotating at a constant speed in
synchronism with the three-phase AC voltages.
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Fig. 3 Block diagram of dq
As it is illustrated in fig 3, first is detected by a

Phase-locked Loop (PLL) and then, the load currents are
transferred to dq frame using equation (7). The load currents
in dg frame pass through low pass filter to extract its constant
part representing the fundamental positive sequence
components of load currents in dg frame. Finally, by using
equation (8), those components are transferred from dq frame

to the abc frame. Inthisframe,  ( '»dar) isused to represent
the fundamental positive sequence load current. If the
negative angle (-0) instead of 6 is used here, the resulting
currents represent the fundamental negative sequence. The
fundamental negative sequence rotates with the same angular
frequency as the fundamental positive sequence but in
opposite direction. Using —0 in equation (7) makes the
fundamental negative sequence component constant in dq
frame, which can be easily extracted by low pass filters.
Finally, by using eguation (8) with those components are
transferred from dq fame to the abc frame. In this frame (

Indaf) is used to represent the load current fundamental

positive sequence. The oscillatory part of load currents (*n ) is
related to harmonic currents and can be determined by
subtracting the fundamental negative and positive sequence
from the total load currents, as follow.
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i apdqf andqf

llhh| i 1hpc1qf lhndqf

lc cpdqf - cndqf (9)
3.3 Conservative power theory.

The variables (voltages and currents, aswell astheir integrals
and derivatives) defined by the authors (Tenti et a 2003) of
the CPT satisfy Kirchhoft’s Voltage and Current Laws. Thus,
according to Tellegen’s Theorem, it can be stated that each
dot product of these Variablesis a conservative quantity [13]
Thus the concept of active power and reactive energy
conservation under generic conditions of unbalance and/or
harmonic distortion is introduced. In this method a current
decomposition methodology was proposed, where each
resulting term is related to a specific load characteristic
(power consumption, power storage, unbalance and
nonlinearities). Main quantities used in CPT-based
compensation methodologies are defined in set of real,
continuous and periodic quantities T (time period),
Fundamental frequency (f=1/T), angular frequency (® = 2m)
Voltage (v) and Current (i) vectors measured at a given
network port (phase variables are indicated with subscript
“m”). The instantaneous power was defined by the scalar

product by the scalar product
i

a

P=voi=|v vy v, |.|ip or

P(t) = E 1= Ekm=0 = Vmlm (10)
While the instantaneous reactive energy was defined
P(‘[) =V l = Z?:U = Vm im (10)
While the instantaneous reactive energy was defined
ia
w =Voi=[v, v V.o |ip or
iC‘
WO =3.1=vyiy (11)

where ¥ is defined as the vector containing the unbiased
integrals of the phase voltages. In other words, this quantity
Tiscalculated by the difference between the timeintegral and
its average value, as shown below:

. T
V=¥ m-VimVim = fﬂ Vm(r) dr

-~ 1 T

Ui =7 Jo Y (2 ar

Where according to theory phase voltages are measured with
respect to avirtual reference point, in the case of three-phase
three-wire circuits, and with respect to the neutral conductor,
in the case of single or three-phase four-wire circuits. In this
theory, Active power is the average power transferred
(converted into work), and its definition isidentical to that of
conventional active power.

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

Exploring Innovation



Performance of Three Level H-Bridge Inverter in Grid Connected Solar PV for Multifunctional
Operations using Different Control Techniques

Reactive energy, inturn, isanew definition that representsthe
average energy stored in the multiphase grid in generic
conditions, including waveform distortions and unbalances.
Both P and W satisfy Tellegen’s Theorem and are therefore
conservative in any grid, regardless of voltage and current
waveform Here term P coincides, at any moment, with
conventional active power P conv = V | cosd. Conversely,
reactive energy is related to conventional reactive power
through the fundamental frequency (®), so that W = Q conv/®
=V | singp/w. Thus, conventional reactive power is associated
with the frequency of the electrical grid, whereas the reactive
energy proposed by the CPT is independent of frequency,
making it interesting for systems with possible frequency
variations, such as micro-grids. From a practical perspective,
it is sufficient to calculate for the average value by means of
frequency adaptive algorithms or simply low-pass filters, so
that both the active power and the reactive energy areimmune
to variations in mains frequency. Based on these definitions,
the phase currents were decomposed into the following
subcomponents: balanced active currents, balanced reactive
currents, unbalanced ac the corresponding average values of
(12) and (13) are the Active power

B N .
P=p=(v.1)= [j.v. 1dt= Inoy By (12)
And Reactive Energy
= m . _l T . _ M
W=p=(L. 1 )=, . idt= Inoy Wi (13)

Where (¥ ) is the unbiased integral of the voltage vector.
Based on the above definitions the phase currents are
decomposed into three basic current components.
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Fig. 4 Block diagram of cpt
Active phase currents are defined by

Where (G,,,) is the equivalent phase conductance
Reactive phase currents are given by
(Vimim) Pm Vv

am = m= m
[vemll2 v

=G

mVm (14)
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b 2 T2 0 =Byl (15)
Where (B, ) isthe equivalent phase reactivity

Void phase currents are the remaining current terms.

lym= im— lam - lrm (16)

Which do not convey any active power or reactive energy.
The active and reactive phase currents can be further
decomposed into balanced and unbalanced terms.

.b (v.i) P _ +b
lam:m VYm= ﬁEm =G m

17
the balanced active currents have been defined asThese
currents represent the minimum portion of the phase currents
which could be associated with a balanced equivalent circuit,
responsible for conveying the total active power (P) in the
circuit, under certain voltage conditions.

The balanced reactive currents have been defined as:

2))

112

1P = (18)
They represent the minimum portion of the phase currents
which could be associated with a balanced equivalent circuit
responsible for conveying the total reactive energy (W) inthe
circuit. The unbalanced active currents are calculated by the
difference between

igm = iam - igm = (Gm'Gh)Vm (19)
In the same way, the unbalanced reactive currents are
ilflm :irm *iIer = (Bm'B h)ﬁm (20)

Thusthe total unbalance phase currents are defined asin (18)

Im=lam+ It (21)
Therefore, the measured current vector can be split as
=1+ 4, (22)

For example, the components of unbaanced currents or of
void currents can be used to compensate, selectively or not,
for load unbalances and/or nonlinearities. Likewise, the
reactive energy (or power) can be compensated in any
multiphase system,. By definition, al the previous current
components are orthogonal to each other so that their RMS
value results.

(23)
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Similarly, apparent power (A) can be defined by

A=Vl [IEll or

A:||v||.J122+1P2+l§2+1}’2+lv2 (24)

A=/P3+ Q3+ NZ + N? +D?
Where P= ViZactive power;
Q= VI[]? is reactive power;
Na = VI3 is unbalanced active power;
N,.r = VI} is unbalanced reactive power and
D = VI, is distortion power

CPT dso defined the global power factor (A). This
Type equation here. factor is affected not only by the
circulation of reactive power (Q) but also by load unbalances
(N) and nonlinearities (D). /1:% Thus some of the portions
of Eq. (23) can be applied for purposes of power conditioning
regardless of the circuit’s voltage and current waveforms,

provided they are periodic able

Table!l Simulation Par ameter

Grid Voltage 440V
Frequency 50Hz
Open circuit voltage 45.78V
Short circuit current 5.75A
No of cell per module 60
Series connected modules per 10
string
Parallel module 1
Irradiance(G) 500~700
Temperature 25°C~35°C
Source resistance 1x10-3Q
Source inductance 1x10-7mH
Three-Phase Diode Bridge | R=180Q,L
Rectifier With RL as output =11.20mH
Load
Three-Phase Diode Bridge | R=100Q
Rectifier With RC as output C=250uF

IV. RESULTSAND DISCUSSION

The performance of the three-phase three level H bridge
inverter as an active filter for pg, dq and CPT control
technique is simulated in Matlab Simulink platform for
various nonlinear as well as unbalanced loads. The
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parameters of the photovoltaic system and the electrical
power system which were simulated are given in Tables 1.
Based on the block diagram of the control strategy in Fig.2, 3,
4 the proposed system was simulated figure 5, 6, 7 gives the
waveforms of grid voltage, grid current, and load current,
active and reactive powers of grid, inverter with nonlinear
load. It is clear from simulation wave forms that proposed
inverter is apart from supplying active power from PV panel
to grid but also provide reactive support to grid. Figure 5, 6,
7,shows the dynamic performance of inverter with pg, dg, cpt
control with variable irradiance and temperature in PV mode.
The performance indices are source voltage Vs, Source
current Is, |,isload current, combined active power of Grid,
inverter, load and combined, reactive power of Grid, inverter,
load these wave forms are taken for step change of
temperature and irradiance. When thetimeist = 1 sthe solar
rediation is atered from 500W/m2 to 750W/m2 and
temperature from 25°C to 35°C. This has the effect of
changing the amplitude of the current of the inverter and the
grid .The increase in radiation results in an increase in the
active power of PV system as shown in Figures, thus
increasing the power of the inverter. At the sametimethereis
areduction of active power of the grid to the load when grid
absorb the surplus of active power the phase of grid voltage
(Vs )and grid current is(lg) 180. It clearly shows the
satisfactory operation of three phase three level H-bridge
inverter for harmonic elimination, reactive power
compensation and power factor correction.
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Fig. 6 Dynamic performance of inverter in PV mode with
dq control
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Fig. 7 Dynamic performance of inverter in PV mode with
cpt control

Figure 8,9, 10 the STATCOM operation of inverter for all
three control algorithm .Fig. also shows the voltage (V) and
current of the grid (Is) for the phase a. We observe that the
grid current () and grid voltage (V) are in phase for DQ
because al the reactive power of the load is compensated by
the inverter while in pq and cpt reactive power compensation
for same load is not taking place thus power factor correction
is not proper. An inverter controller is proposed to work the
PV solar system as STATCOM utilizing the PV inverter inthe
night time and the inverter utilizing for a real power
generation at day time. It utilizesthe entire solar farm inverter
capacity in the night and the remainder inverter capacity after
real power generation during the day, both of which remain
unused in conventional solar farm operation. Different control
techniques which are described here are used to control the
inverter switching to function as STATCOM to improve the
voltage profile. THD % of the phase ‘A’ of source current is
shown in figurell to 13. It is observed that the THD of the
source current are within IEEE-519-1992 standard limit of
5% for all three control. Table 2 shows the summarized
results demonstrating the performance of inverter as active
filter for al three control and various load.
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V. CONCLUSION

The performance of inverter has been demonstrated for
harmonic elimination, reactive power compensation and
power factor correction for nonlinear load in PV mode and
STATCOM modes of operation. The performance of inverter
has been found satisfactory under varying temperature and
irradiance conditions for al three control techniques. From
simulation results, it isfound, that proposed system apart from
the active and reactive power control it is able to compensate
harmonics of the load uninterruptedly for various control
where the load is non-linear.. After Investigations of all three
control technique, it is found that all three control are suited
for three phase three level inverter for PV application but
CPT & PQ control techniqgue are not convenient in
STATCOM mode because this control reactive power
compensation for nonlinear load is not appropriates This
system, due to its simplicity and ability to provide many
functions to the photovoltaic system simultaneoudly is a great
solution for future distribution grids Use of three phase three-
level converters has several merits, like, the modularity in the
system configuration with increased reliability, also alowing
the use of independent DC link voltages, no need to used
additional dc- dc boost cover/transformer as in case of
traditional two level inverter.
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These features by themselves already make this topology = multifunctional inverter it is possible to reduce the cost of
suited to interface medium and high power grid connected installation of extra filters, boost converters and FACTS
applications Because of the 24hrs utilization of multilevel  device and also improve the overall efficiency of system.
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Performance of Three Level H-Bridge Inverter in Grid Connected Solar PV for Multifunctional
Operations using Different Control Techniques

FFT window: & of 75 cyeles of seleeted signal

Time (s}

Fundamental (50Hz) = 4.65 , THD= 0.89%

o2y

IRLY,

Mag (% of Fundamental)

I ‘"ll.l“ “lhhll

5] 100 200

il

‘Illl.lllll [Il..lrllllluhl&.w

Ay il

Freauency {Hz)

Fig.13 FFT of Grid current in PV mode with cpt control

Tablell Performance of inverter in different operating modes

Operating Mode Control Technique | Source current THD for Nonlinear load
(Diode Rectifier)
With RL asoutput of | With RC as
rectifier output of rectifier
PV Mode PQ 0.86% 2.04%
DQ 1.81% 3.47%
CPT 0.89% 2.73%
STATCOM PQ 1.14% 0.62%
DQ 0.48% 0.63%
CPT 1.14% 0.51%
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