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This paper proposes a vector controlled isolated source cascaded two-level inverter (CTLI), for grid con-
nected photovoltaic (PV) system. The system is controlled to operate with variable solar irradiance, sup-
plying different levels of active power. The PV systems are designed, modeled and tested with the
proposed controller, to provide maximum power output. Additional operation as a reactive power sup-
plier, in the absence of solar radiation, is also tested. A simple sinusoidal pulse width modulation
(PWM) technique is used, instead of referred space vector PWM (SVPWM) technique, for the operation.
Two different schemes have been considered to operate the inverter with equal and unequal DC-link volt-
ages. The control scheme has been found working, for both active and reactive power supply in steady
state and transient conditions. The power supplies of both the schemes are analyzed. The controller per-
formance is found to be satisfactory for both the schemes to extract maximum power at the considered
working conditions.

� 2015 Elsevier Ltd. All rights reserved.
Introduction

The grid-connected PV system is one of the best options, for
sustainable and independent energy generation practice. The
power electronic technology plays an important role in the dis-
tributed generation and integration of renewable-energy sources
into the electrical grid [1]. Many grids connected PV systems
[26], use a three-phase voltage source inverter [2–4]. However,
the conventional three-phase inverter produces three output volt-
age levels, and has poor spectral performance in lower switching
frequency. The number of levels can improve the spectral perfor-
mance at lower switching frequency. There are other attractive fea-
tures, which make these kinds of power converters very interesting
for the power industry, like (i) reduced current and voltage har-
monics on the AC side, (ii) high-voltage capability, and (iii) low
dv=dt [5–10]. Several multilevel topologies used for grid connec-
tion have been proposed in [5–9,11]. Multilevel converter struc-
tures have three major classifications; (i) neutral point clamped
(NPC) or diode clamped, (ii) flying capacitor (FC) or capacitor
clamped, and (iii) cascaded H-bridge (CHB) inverter, with isolated
DC source [10,12]. The CHB inverter topology is very much popular
because of its modular circuit layout [13]. The CHB topology
requires the lesser number of DC-link capacitors than other
topologies. The control of individual DC-link voltage of the capac-
itors is difficult [14]. The topology consists of two inverters con-
nected to the open winding primary of a three-phase transformer.

In this work, the DC-link voltages of both the inverters are cho-
sen to be in the order of battery voltage. The PV modules are con-
nected at the DC-links of the CTLI. Accordingly, the PV modules are
designed to deliver maximum power at that DC voltage, under
rated Indian solar irradiance. A novel control strategy is developed
to control the active power flow of the total DC-link voltage of two
inverters. The circuit-based model of a PV array that can be imple-
mented in any simulation environment is proposed in [15]. In the
present study, single diode model of solar cell is used following the
equations developed in [16].

DC/DC converters, connected to the DC-link capacitors, usually
control the variations of output voltage of PV systems [5]. Various
control strategies are available in literature to control the convert-
ers [5–10,14,17,18]. In [13], one control technique is proposed to
keep the DC-link voltages constant for the isolated sources by bal-
ancing the active power flow. However, different level of DC-link
voltages, which is favored because of certain harmonic reduction,
and the maximum power generation by the different PV modules
are beyond the scope of it. Accordingly, this paper proposes two
schemes with equal and unequal voltage levels for the considered
inverters for different solar irradiance level. The variation in solar
irradiance level has to be introduced for checking the performance
of the controller [20,27]. The PV modules of different voltage levels
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Nomenclature

V solar cell terminal voltage [V]
I solar cell terminal current [A]
Iph photo generated current [linear with irradiance]
Is saturation current due to diffusion mechanism
T cell temperature [K]
K Boltzmann’s constant ½1:38� 10ð�23Þ J=K�
q electron charge ½1:6� 10�19C�
n diode quality factor [silicon diode n = 2]
Rs cell series resistance [O]
Rsh cell shunt resistance [O]
NP number of parallel cells
Ns number of series cells
M PV identical modules per string
N identical PV strings

Vdc DC-link voltage of the voltage source inverter (VSI)
Va1; Vb1; Vc1 first inverter pole voltages
Va2; Vb2; Vc2 second inverter pole voltages
L� N line to neutral
Vq q-component of the source voltage
Vd d-component of the source voltage
ed d-components of the transformer output voltage
eq q-components of the transformer output voltage
id d-components of the transformer output current
iq q-components of the transformer output current
V�
dc reference DC-link capacitor voltage of inverter

RL resistive load
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are developed in this work. Two separate vector controller have
been developed in this study for the two schemes. In both the
cases, the proposed control technique maintains the total DC-link
voltages of two inverters. Initially, the solar irradiance for the
two inverters is considered to be same. Afterwards, the input is
allowed to vary for each solar module separately. This variation
in solar irradiance for the two PV modules of a single system is
made to check even a difficult operating situation. The complete
power circuit has been depicted in Fig. 1.

The paper is organized as follows: In the Section ‘‘Definition of
the problem”, definition of the problem is described. Section ‘‘Mat
hematical model of a photovoltaic cell” presents a mathematical
model for the photovoltaic cell. Section ‘‘Modeling of grid con-
nected CTLI”, illustrates the grid-connected CTLI topology and its
modeling. The system description is given in Section ‘‘System
description”. Results followed by discussion are presented in Sec-
tions ‘‘Simulation result”, ‘‘Reactive power control”, and ‘‘Output
power and efficiency of the schemes”, respectively. Finally, the
conclusions that have been drawn from the present work are sum-
marized in Section ‘‘Harmonic analysis of the schemes”.
Fig. 1. Power circuit of the photovoltaic system with cascaded two-level inverter.
Definition of the problem

Two isolated PV sources are connected through the inverters as
shown in Fig. 1. A novel control scheme is proposed so that the cas-
caded two-level inverter (CTLI) based system would work under
variable solar irradiance levels and also in the absence of solar irra-
diance (as distributed static reactive power compensator). Two
power schemes are studied, with the following nature.

I. Two inverters with same DC-link voltages
II. Two inverters with unequal DC-link voltages

To address the additional complexity of real-life variable solar
irradiance, the inputs are considered to be different for two invert-
ers as well. The solar irradiation is changed by ±17.133% in a step in
the following manner.

(i) Solar irradiance of first inverter deviates as shown as Fig. 2
(a).

(ii) Solar irradiance of second inverter deviates as shown as
Fig. 2(b).

The step changes of the input to the power schemes are intro-
duced in simulation environment following [20,27]. Since the
changes in solar irradiance acts as an exogenous input disturbance,
it is customary to consider this change as a step signal which sig-
nifies for a worst-case perturbation in input from the control engi-
neering standpoint.

The modulation technique for the CTLI is tested with a simple
sinusoidal PWM technique instead of generally preferred SVPWM
modulation technique.

Finally, the overall system efficiency and total harmonic distor-
tion (THD), to extract maximum power from the PV modules, has
been investigated for both the power schemes with the considered
solar irradiation variation.

Mathematical model of a photovoltaic cell

A mathematical description of the characteristic of PV cells is
developed based on [16,21]. The characteristic equation is given
in (1).

I ¼ Iph � Is exp
qðVþIRs Þ

nKT � 1
h i

� V þ RsI
Rsh

ð1Þ

The equivalent circuit, determined from the equation, is pre-
sented in Fig. 3.



Fig. 2. Solar deviation from the nominal (a) the first inverter, connected to PV model-1, and (b) the second inverter, connected to PV model-2.

Fig. 3. Solar PV cell equivalent circuit. Fig. 5. Single phase equivalent circuit.
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The parameter values of the model have been selected follow-
ing the data given in [15]. PV modules can be assembled in series
and/or parallel to build a PV array [16].

The complete multidimensional array model equation is:

I ¼ Np Iph � Is exp
q V

Nsð Þþ I
Np

� �
Rs

h i
KT � 1

0
B@

1
CA�

V
Ns

� �
þ I

Np

� �
Rs

Rsh

2
64

3
75 ð2Þ
PV modules for the scheme-I

The number of series cells are chosen to provide maximum
power at 48 V, at normal Indian solar irradiance for the scheme-I.
Power rating of the inverter is 2.5 kW and one PV cell has
Rs ¼ 0:4 X; Rsh ¼ 323 X [8]. The Ns and Np are calculated for this
scheme and found to be 12, and 250 respectively.

The designed PV system output power at different output volt-
age has been depicted in Fig. 4(a). Here the output power is found
to be the maximum at 48 V with normal Indian solar irradiance. Six
Fig. 4. Power–voltage characteristics for different values of load (RL) for a PV system u
Inverter-I (to provide maximum power at 70 V), and (c) the scheme-II, Inverter-II (to pr
similar PV modules are connected in parallel and developed one PV
array. Two similar PV arrays are connected with two inverters fol-
lowing the scheme, presented in Fig. 1. It is found that the load
voltage and power output curve are matching with the theoretical
characteristics.
PV modules for scheme-II

Unequal DC-link voltages are chosen for the two inverters in the
scheme-II. For seven level output voltage, the voltage ratio of the
two-inverter DC-link sources is to be taken as 1:0.366 [14,19]. This
ensures the reduction of ð6nþ 1Þ harmonic ðn ¼ 1;3;5;7; . . .Þ. In
this paper, the DC-link voltage of the first inverter is maintained
at 70.272 V whereas the second inverter has the same as
25.728 V. This maintains the total voltage at 96 V, which is same
as that of the scheme-I.

In this scheme, the inverters are to be supplied with different
types of PV arrays to maintain the voltages at the desired levels
of 70.272 V and 25.728 V, respectively. The first inverter is sup-
sed in (a) the scheme-I (to provide maximum power at 48 V), (b) the scheme-II,
ovide maximum power at 25 V).
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plied by six parallel PV modules, having Ns ¼ 17 and Np ¼ 250 in
each of them. The output power–voltage (P–V) curve for one mod-
ule has been presented in Fig. 4(b). The second inverter is supplied
by PV modules, having Ns ¼ 8 and Np ¼ 250. The output power–
voltage (P–V) curve obtained from this module has been presented
in Fig. 4(c).

The power–voltage (P–V) curves are showing the maximum
powers are produced at around the desired voltage levels by the
two different PV modules at a normal Indian solar irradiance.

Modeling of grid connected CTLI

For the considered power scheme, as shown in Fig. 1, the volt-
age across a, b, and c windings of the transformer are constructed
as follows:

ea ¼ 2
3
ðVa1 � Va2Þ � 1

3
ðVb1 � Vb2Þ � 1

3
ðVc1 � Vc2Þ ð3Þ

eb ¼ �1
3
ðVa1 � Va2Þ þ 2

3
ðVb1 � Vb2Þ � 1

3
ðVc1 � Vc2Þ ð4Þ

ec ¼ �1
3
ðVa1 � Va2Þ � 1

3
ðVb1 � Vb2Þ þ 2

3
ðVc1 � Vc2Þ ð5Þ

where Va1; Vb1; Vc1 are the first inverter pole voltages, and
Va2; Vb2; Vc2 are second inverter pole voltages. The output voltage
levels of the scheme depend on the inverter DC-link voltages Vdc1

and Vdc2. In this study; the inverters are initially considered to be
operating with Vdc1 ¼ Vdc2 ¼ 0:5Vdc , and in the next scheme, the val-
ues are Vdc1 ¼ 0:732Vdc and Vdc2 ¼ 0:268Vdc . In both the cases, the
total DC-link voltage is considered to be same as Vdc ¼ 96 V [14,19].

The first scheme produces output voltage with five levels,
whereas the second one produces output voltage with seven levels.
The harmonic spectrum is improved in the second scheme [14].

The equivalent circuit for ‘a’ phase of the transformer has been
presented in Fig. 5. In the figure; Va is the grid voltage; R is the
resistance representing the loss in the system, and L is the leakage
inductance of the transformer windings. The voltage across the pri-
mary of the transformer is ea which is controlled by first and sec-
ond inverter. The transformer is step-up with turn ratio 1:n.

Applying KVL for ‘a’, ‘b’ and ‘c’ phases

nea ¼ Raia þ La
dia
dt

þ Va ð6Þ
Fig. 6. Control block dia
neb ¼ Rbib þ Lb
dib
dt

þ Vb ð7Þ
nec ¼ Rcic þ Lc
dic
dt

þ Vc ð8Þ

It is considered that R is equal to Ra, Rb and Rc and L are equal to
La, Lb and Lc. Eqs. (6)–(8) can be rewritten as,

d
dt

ia
ib
ic

2
64

3
75 ¼

� R
L 0 0

0 � R
L 0

0 0 � R
L

2
64

3
75

ia
ib
ic

2
64

3
75þ 1

L

�Va nðeaÞ
�Vb nðebÞ
�Vc nðecÞ

2
64

3
75 ð9Þ

The above equation is transformed to synchronously rotating
reference frame. Due to this conversion, both active and reactive
currents are decoupled and can be controlled independently. The
Vd aligns with the synchronously rotating bus voltage vector. In
this reference frame, the q-component of the source voltage Vq is
found to be zero. The system model in the synchronous rotating
reference frame is as follows:

d
dt

id
iq

� �
¼ � R

L x
�x � R

L

" #
id
iq

� �
þ 1

L
ed � Vd

eq � Vq

� �
ð10Þ

where ed, eq and id, iq are d–q axes components of the transformer
output voltage and current, respectively.

The objective of the system controller is to achieve voltage reg-
ulation of the inverter capacitors. This is accomplished by control-
ling the active and reactive power that flows into the grid. The d–q
axis voltages can be written as:

ed ¼ ðsLþ RÞid � Lxiq þ vd ð11Þ
eq ¼ ðsLþ RÞiq þ Lxid þ vq ð12Þ
The d–q axis currents are controlled by following Eqs. (11) and

(12). The reference value of d-axis current is generated from the
DC-link voltage controller. In this paper, the reference DC voltage
is kept at 96 V. The reference current now can be written as:

i�d ¼ V�
dc � ðVdc1 þ Vdc2Þ

� �
Kpdc þ Kidc

s

� 	
ð13Þ

The control scheme is shown in Fig. 6. Here the V�
dc is the refer-

ence voltage, and Vdc1; Vdc2 are the actual DC-link voltages of the
first inverter and second inverter.
gram of scheme-I.



Fig. 7. Control block diagram of scheme-II.
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The current controllers for id and iq are designed identically. The
bandwidths for the current controllers are taken at 600 Hz, and
that of voltage, controller is chosen as 60 Hz. The controllers are
tested to operate satisfactorily in the simulation environment.
The i�q is derived from the amount of reactive power supply to
the grid. The DC voltage controller ensures that the available power
from the solar PV system be supplied to the grid. Thus, the reduc-
tion in solar irradiance will result in a reduction of id in the
controller.

The ‘‘d–q” to ‘‘a–b–c” conversion has been achieved with the
standard vector control practice. The first and second inverters
are receiving 180� phase shifted modulating signals. The gate sig-
nals are generated after comparing them with a triangular carrier
wave of switching frequency [22].

CTLI DC-link balance controller

The control scheme-II, adopted for unequal dc link voltages, are
shown in Fig. 7 [14]. Additional control is required to regulate indi-
vidual DC-link voltages of the inverters, eI\d is the resulting volt-
age of the cascaded inverter. Where,

eI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2d þ e2q

q
ð14Þ

and d ¼ tan�1ððeqÞ=ðedÞÞ ð15Þ
The d can be considered to be proportional to eq. Accordingly,

the q-axis reference voltage component of inverters, e�q1, and e�q2
are found as.

e�2 ¼ ðKP þ Ki=SÞðV�
dc2 � Vdc2Þ ð16Þ

e�q1 ¼ e�q � e�q2 ð17Þ
Fig. 8. The cascaded inverter output voltage under the scheme-I.
The DC-link voltages of the inverters are taken as,

Vdc1 ¼ 0:732Vdc ð18Þ
Vdc2 ¼ 0:268Vdc ð19Þ
Accordingly the reference value of d-axis voltage component, e�d,

is divided in proportion to their respective DC-link voltage as

e�d1 ¼ 0:732e�d ð20Þ
e�d2 ¼ 0:268e�d ð21Þ
Phase lock loop (PLL)

The phase-locked loop (PLL) technique is used in the grid-based
PV system inverters, mainly for grid synchronization [23,24]. The
PLL generates unit signal sinxt and cosxt, using source three
phase voltages.
System description

The complete scheme, as shown in Fig. 1, is using a transformer
with parameters as [13] (see Table 1):

The nature of deviations of solar irradiance level (in percent-
age), for the two inverters has been presented in Fig. 2(a) and (b).
At 0.3 s, the solar irradiance level decreases by 17.133% for the first
inverter input. The solar irradiance level is brought back to the
rated value at 0.6 s; Fig. 2(b) depicts that the solar irradiance level
for second inverter is increases by 17.133% at 0.9 s, and brought
back to the normal value at 1.2 s.

The transient behavior of different internal variables of the
system, are presented in next section.
Table 1
Transformer parameters.

Parameter Value

Secondary phase voltage (rms) 400 V
Primary phase voltage (rms) 48 V
Frequency 50 Hz
Power 2.5 kV A
Leakage inductance, L 13%
Resistance, R 3%



Fig. 10. The cascaded inverter output voltage under the scheme-II.
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Simulation result

The complete grid-connected PV system has been simulated in
the MATLAB/Simulink environment.

Scheme-I: With equal DC-link voltages

The five-level output voltage of the inverter is produced at the
steady state, and depicted in Fig. 8. The voltage is applied across
the open winding side of the transformer. The higher voltage side
of the transformer is directly connected to the grid-connected load.

The active power supplied by the inverters via the transformer
can be expressed as:

P ¼ 3
2
idVd ð22Þ

The Vd is found constant in the considered reference frame.
Hence, the active power is directly proportional to the magnitude
of id.

The transient behavior of the total DC-link voltage, direct axis
and quadrature axis component of the PV system output current
has been presented in Fig. 9. The variables are adjusted by the con-
troller successfully, to maintain the DC-link voltage level at the
desired level; 96 V. Undershoots and overshoots are observed in
the DC-link voltage waveform, because of the step changes in the
irradiance level. However, the controller brings the voltage back
to the reference level, within 0.1 s in each case. The id has
decreased to 4.23 A from the initial value of 5 A, due to the reduc-
tion in the solar irradiance level. This reduction in id was to main-
tain the DC-link voltage at the desired level by reducing the power
flow from the PV system. The iq is kept constant at zero to ensure
no reactive power exchange with the PV system at daytime. This
ensures maximum utilization of the available solar power. Later,
the id is found to be increased up to 5.58 A, because of the incre-
ment in solar irradiance level.

Scheme II: With unequal DC-link voltages

The output voltages of the inverters are found to be of higher
level (seven level), as expected because of the choice of DC-link
voltages of the inverters, respectively at 70.272 V and 25.728 V.
The output voltage waveform is shown in Fig. 10.

The variations of the solar irradiance level for the inverters are
kept same as the earlier scheme. The transient behavior of the total
DC-link voltage, direct axis and quadrature axis component of the
PV system output current has been presented in Fig. 11(a) and (b)
The variables are adjusted by the controller successfully, to main-
tain the total DC-link voltage level at the desired level; 96 V.
Undershoots and overshoots are observed in the DC-link voltage
waveform, because of the step changes in the input solar irradiance
level for the first inverter. However, the controller brings the volt-
age back to the reference level, within 0.1 s in each case. In this
scheme the DC-link voltage does not change significantly during
the variation of the input solar irradiance level for the second
inverter.
Fig. 9. Response to changes in solar irradiance in the cascaded inverter under the schem
The id has decreased to 3.79 A from the initial value of 5 A, due
to the reduction in the solar irradiance level. This reduction in id
was to maintain the DC-link voltage at the desired level by reduc-
ing the power flow from the PV system. The iq is kept constant at
zero to ensure no reactive power exchange with the PV system
at daytime. This ensures maximum utilization of the available solar
power. It is interesting to note that due to increase in solar irradi-
ance in second inverter, the direct axis current changes by the
small amount in its magnitude. This signifies that, the power deliv-
ery has small change unlike scheme-I, for variation of solar irradi-
ance level for the low-power PV module. The change in the
quadrature axis current during the entire operation is found to
be negligible.
Reactive power control

The grid-connected PV systems, with available solar irradiance,
are connected to the CTLI to produce active power. In this paper,
the proposed control scheme enables the PV systems to work in
distributed static reactive power compensator (DSTATCOM) mode,
in the absence of solar irradiance.

Considering Vq ¼ 0 the reactive power of the system can be cal-
culated as:

Q ¼ �3
2
ðiqVdÞ ð23Þ

For lagging reactive power supply the iq is going to have some
negative value. The reference value for iq has to be generated, fol-
lowing the capacitor, and inverter ratings. In this case, the lagging
reactive power supply is increased by 1700 V A in a step, in the
absence of solar irradiance. The command is given at 1.5 s in the
simulation. The effect, for the scheme-I, has been presented in
Fig. 12. The iq is shown to reach the required level of�3.5 A, to sup-
ply the reactive power. The id is found to be zero, signifying the fact
that no active power is being supplied in the absence of solar
power.

However, because of a sudden change in reactive power supply,
the capacitors draw some currents from the grid, and the losses are
increasing, due to increase in the current supplied by the grid. It is
found that the id takes 15 ms to be stable. The nature of variation in
the DC-link voltage is depicted in Fig. 12(b). It takes 0.04 s to be
e-I (a) combined DC-link voltage, and (b) direct axis and quadrature axis current.



Fig. 11. The CTLI in response to the reduction of solar irradiance under the scheme-II (a) combined DC-link voltage, and (b) direct axis and quadrature axis current.

Fig. 12. The CTLI, with the increase in the reactive power supply in DSTATCOM mode under the scheme-I, (a) direct axis and quadrature axis current, (b) DC-link voltage, (c)
the nature of change in id to bring the dc link voltage back to its reference value, (d) the source voltage, source current and inverter current, and (e) zoomed view.

Fig. 13. The CTLI, with the increase in the reactive power supply in DSTATCOMmode under the scheme-II, (a) direct axis and quadrature axis current, and (b) DC-link voltage.
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stabilized. The dc link voltage controller successfully maintains the
DC-link voltage by balancing the power flow across the capacitor.
Similar changes are observed for the scheme-II. The nature of the
previously discussed variables is shown in Fig. 13 for scheme II.

Hence, it can be mentioned that both the schemes are effective
to operate as DSTATCOM in the absence of the solar irradiance.
Output power and efficiency of the schemes

The active power supplied by the grid-connected PV system is
given by Eq. (22). The DC power input to the individual inverters
can be calculated following,
Pi ¼ Vdc iIdc i; i ¼ 1;2 ð24Þ
The total power input to the inverters is PT = P1 + P2. The power

loss is calculated as (PL) = PT � P.
Hence; %PLoss ¼ 100� PL

PT
ð25Þ

The powers of the PV systems in response to change of solar
irradiance for the scheme-I and scheme-II are presented in
Fig. 14(a) and (b). Table 2 presents the power loss of the PV
systems in response to change of solar irradiance for the
scheme-I and scheme-II.



Fig. 14. Power output of the PV System in response to the change of solar irradiance in different time under the (a) SCHEME-I and (b) scheme-II.

Table 2
Solar deviation (%) from nominal value, with power loss.

Time (s) Solar
deviation (%)

P1 (W) P2 (W) Active power
(P) (W)

Power
loss (W)

Scheme-I 0 0 1368 1368 2439.45 296.55
0.3 �17.133a 960 1344 2063.7747 240.23
0.6 0 1368 1368 2439.45 296.55
0.9 17.133b 1280 1792 2722.4262 349.57
1.2 0 1368 1368 2439.45 296.55

Scheme-II 0 0 2016 758.44 2439.45 334.99
0.3 �17.133a 1430 617.4 1849.1031 198.05
0.6 0 2016 750.4 2439.45 326.45
0.9 17.133b 1997 840.75 2502.8757 334.47
1.2 0 2018 744.8 2439.45 323.75

a For inverter I.
b For inverter II.

Fig. 15. For proposed scheme I: (a) transformer output current (b) harmonic
spectrum of the current.

Fig. 16. For proposed scheme II: (a) transformer output current (b) harmonic
spectrum of the current.

172 N. Kumar et al. / Electrical Power and Energy Systems 78 (2016) 165–173
It is found that the power loss of the system with the initial
solar irradiance level is 10.83%, and the active power delivered is
2439.45 W. The power loss reduces to 10.4% with reduction in
solar irradiance level at first inverter. The delivered active power
is also found to be reduced to 2063.77W. The power loss increases
to 11.38% with increment in solar irradiance level in second inver-
ter. The delivered active power is found to be increased to
2722.43 W.

In scheme II, on the other hand the initial power loss is found to
be 12.074%. It has reduced to 9.67% with reduction in solar irradi-
ance at the first inverter. The delivered active power is found to be
reduced to1849.1 W. Though the delivered active power increased
by a very small amount in response to the increment in solar irra-
diance at second inverter, the power loss is found to be increased
to 11.78%.

The efficiency of the considered CTLI based systems for both the
schemes are coming close to 90%. Thus, the present system is found
to be increasing the range of operation, for solar irradiance levels,
maintaining the efficiency at the level of prevailing power schemes
[25].

Harmonic analysis of the schemes

The values of the THD of the output current for the proposed
schemes are computed using Eq. (26).

%THDi ¼ 100�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

h–1

Ish
Is1

� 	2
s

ð26Þ

where the subscript i indicates the THD in current, Is1 is the funda-
mental (line-frequency f1) component, Ish is the component at the h
harmonic frequency ðf h ¼ hf1Þ:

The transformer output currents for the proposed scheme-I and
scheme-II are presented in Figs. 15(a) and 16(a) respectively. The
harmonic spectrums of these currents are shown in Figs. 15
(b) and 16(b). The THD, generated by scheme-I and scheme-II,
are found to be 2.96% and 3.89% only. The lower-order harmonics
are almost reduced to negligible value in these schemes.

A comparison with some of the existing PV systems with the
proposed schemes is shown in Table 3. From this table, it can be
concluded that the proposed scheme is advantageous in most of
the attributes while it is comparable in the remaining attributes.



Table 3
Comparison of the proposed scheme with some of the existing systems.

Schemes/paper Pires [5] Kjaer [26] Type-1 Kjaer [26] Type-2 Babu [14] Liu [27] Proposed scheme-I Proposed scheme-II

Per phase grid voltage # 230 V 230 V 230 V 120 V 230 V 230 V
Input voltage 40–50 V 24–40 V 28 V 659 V # 48 V 48 V

241 V
Control strategy SMC # # Vector control Vector control Vector control Vector control
Inverter type Three phase Soladin 120 Modified Shimizu Three phase Three phase Three phase Three phase
No. of DC–DC converter 2 # # 0 4 0 0
Converter output voltage Level 5 # # 5 # 5 7
Applications PV System PV System PV System STATCOM PV system/STATCOM PV system/STATCOM PV system/STATCOM
No. of transformer 1 1 1 1 4 1 1
No. of inductor 0 2 1 0 12 0 0
No. of capacitors 2 2 3 2 16 2 2
Efficiency (%) # 93 87 # # 90 90
THD (%) # # # 11.82 3.98 2.96 3.89

# = data not available.
Bold values signifies the results of the present work proposals.
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Conclusion

The present work employs a novel vector controlled, CTLI for
grid-connected PV systems. The simple PWM technique is used
to produce the gate signals in place of prevailing SVPWM tech-
nique. Here the performance of the CTLI is found to be satisfactory
for two different control schemes. Moreover, both active and reac-
tive power delivery, in presence and absence of solar power, are
found to be achieved successfully. The scheme-I consider equal
DC-link voltages for both the inverters. On the other hand, the sec-
ond inverter voltage is kept at 0.366 times the voltage of the first
inverter, in scheme-II. This was done to obtain lesser harmonic dis-
tortion in the inverter output voltage. The results show good per-
formance of the control schemes in both steady state and
transient conditions. The controller is shown to extract maximum
power from the solar PV modules by maintaining the DC-link volt-
age at the desired level for both the schemes. The performances of
the controllers, under deviations in the input power to the invert-
ers, due to changes in the availability of the solar irradiance, are
found to be satisfactory in nature. It is found that increase in solar
power in the scheme-I in any one of the inverters results in more
active power delivery. However, under scheme-II, an increase in
solar irradiance in the second inverter causes an insignificant rise
in the direct axial current. This results in a trivial increase in active
power delivery. Moreover, it is interesting to note that in the
absence of solar power, both the control schemes act in DSTATCOM
mode to supply reactive power to the grid. The performance index
of both the systems, especially efficiency and THD, are found to be
much improved with respect to the existing schemes. This ensures
the utilization of the PV system for both active and reactive power
delivery with the different solar power level.
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