Fn -

A
Y

UET RAE

EXPLORING RESEARCH AND INNOVATIONS

International Journal of Emerging Technology and Advanced Engineering
Website: www.ijetae.com (ISSN 2250-2459, 1SO 9001:2008 Certified Journal, Volume 4, Special Issue 7, April 2014)

International Conference on Industrial Engineering Science and Application (IESA 2014)

Study on Photovoltaic System for Isolated and Non-Isolated
Source Cascaded Two Level Inverter (CTLI)

Nayan Kumar®, Tapas Kumar Saha and Jayati Dey?
12Department of Electrical Engineering,NIT Durgapur, Durgaptit3209, India

Abstracd In this paper three-phase isolated source and
non-isolated source cascaded two level inverter (CTLI)
topology is used for grid connected photovoltaic (PV)
system. The CTLI is one of the widespread topology in
multilevel inverter. In this work, both topology isolated
source and non-isolated source CTLI system are operated
to supply active power with available solar irradiance
and to supply reactive power in absence of it. The
photovoltaic system is modelled and tested with the vector
controlled grid connected CTLI, for solar irradiance
variation, and reference reactive power variation in
simulation environment. The control scheme has been
introduced for dc link voltage of the dual level inverter. The
dc link voltage is found to be maintained at required level
for both type of power supply.

Keyword$® Photovoltaic system; multilevel converter; dc
link voltage balance; isolated and non-isolated source
inverter

. INTRODUCTION

In the present day the power demand is increasing
repeatedly and it can be highly depended on the use of
conventional or non-conventional energy source.
Photovoltaic systems are smart renewable energy sources
to meet the energy demand. The regular development of
photovoltaic system makes it cost effective and highly
efficient. Thus, PV systems become much popular. Power
converters play a vital role in the overall efficiency of a
Photovoltaic system [1]. The grid connected photovoltaic
system use a photovoltaic cell to generate electricity,
which is then fed to the conventional cascaded two-level
inverter (CTLI). The grid connected photovoltaic system
is very popular today. In recent years, many grid
connected photovoltaic systems use a three phase inverter
to perform this connection [2]. However, the conventional
three phase inverters produce three output voltage
levels with higher total harmonic distortion (THD), and
have poor spectral performance in lower switching
frequency which is sometimes necessary for high power
and medium power applications to reduce the switching
losses.

Using multilevel inverters the number of levels in the
output voltage can be increased, thereby spectral
performance can be improved and switching frequency
can be decreased with low THD in output voltage, and
switching frequency can be decreased hence reduction in
switching losses. There are other salient features, which
make these kinds of power converters very interesting for
the power industry, such as, reduced current and voltage
harmonics on the ac side, high voltage capability and low

— [3]. Several multilevel topologies used for grid
connection has been proposed in [4]. Multilevel
voltage source inverters (VSI) topologies have three

major classes, namely neutral point clamped (NPC) or
diode clamped [5], flying capacitor or capacitor
clamped [6] and cascaded H-bridge inverter [7],[8] with
isolated dc source and non-isolated dc source. In recent
years, cascaded H-bridge inverter topology is very much
popular in power industry because of its modular circuit
layout [9]. Generally, among the three topologies, the
cascaded multilevel inverter has the potential to be the
most reliable and achieve the best fault tolerance
owing to its modularity; a feature that enables the
inverter to continue operating at lower power levels after
cell failure [10].

In this paper, a grid-connected photovoltaic system,
with cascaded two-level inverter, is connected to the
primary of an open winding three-phase transformer. The
PV source is considered to produce a dc voltage as low as
48V under rated operating conditions. The power
converters, through transformer, are connected with a
distribution grid of 400V (ac-line to line). The power
converters are considered to be supplied from isolated PV
sources of equal capacity and non-isolated PV sources in
two cases respectively.

The model of a photovoltaic cell that can be
implemented in any simulation environment is proposed
in [11]. The model considers irradiance and
temperature as variable parameters and obtains the 1/V
characteristic for that particular cell under the above
conditions.
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In the present study, single diode model of solar cell is
used following the equations developed in [15], [16]. The
PV systems are connected to the cascaded two-level
inverter (CTLI), and inverter output is connected to three
phase transformer open winding primary side. The
framework of PV system with isolated source (CTLI)
topology model is depicted in Fig.1 and non-isolated
source CTLI topology model is depicted in Fig.2.
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Fig. 1. Photovoltaic system with isolated source cascaded two level
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Fig. 2. Photovoltaic system with non-isolated source cascaded two
level

The variations of output voltage of photovoltaic
systems are usually controlled by dc-dc converters,
connected with the dc-link capacitors. Various control
strategies are available in literature to control the output
voltage of the power converters [12], [13] and [14]. In this
paper, control technique is proposed to keep the dc link
voltages constant for the isolated sources and non-isolated
source by balancing the active power flow. The topology
consists of two inverters and a three phase transformer.

In the isolated source cascaded two-level inverter
topology, the dc-link capacitor voltages of both the
inverters are kept at same level. The value of the dc link
voltage is in the order of the battery voltage. The control
scheme adopted successfully controls (i) reactive power
(ii) average dc-link capacitor voltage. The change of
available solar power is done by changing the solar
radiation level. In absence of solar power, the topology
isolated source cascaded converter is used to supply a
fixed amount of reactive power.

A. |solatedSource CTLI

The two PV source are connected to each inverter
capacitors as shown in Fig.1. In the isolated source
cascaded two level inverter (CTLI), PV cell connected
inverter-1 and inverter-2 dc link voltage, are Vgc1=Vco.

B. NonrisolatedSource CTLI

The both PV source are connected to single capacitor
of inverter as shown in Fig.2. In the non-isolated source
CTLI topology, PV cell connected single dc link voltage,
is (V).

C. Development dPhotovoltaicArray

Photovoltaic array is a device that converts
available solar irradiance into electricity by the
photovoltaic effect. A mathematical description of the
current/voltage terminal characteristic for PV cells has
been available for some time [11] has provided the
characteristic equation as an exponential equation (1)

MOoDEL OF THE PHOTOVOLTAIC ARRAY

© 0 o0 p

1)

Where,

‘O = photogene rated current (linear with irradiance) (A).
“C= saturation current due to diffusion mechanism (A)

T = ambient temperature, Kelvin,

"0= Boltzmann constant, 1.38 x 102 J/K

fi= electron charge, 1.6 x 10°C

To design high quality solar cell, the series resistance
Rs should be very small and the parallel resistance,
Rg,, should be very large. For solar cells used in
power industry, Rg, is much greater than the forward
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resistance of a diode. Cells connected in parallel
increase the current and cells connected in series
increase the output voltages.
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The equivalent circuit determined from the equation is
used for simulation model, shown in Fig. 3.

=AM\~
T R
Sun Light\‘ Iph \ I )
o g
D Zo <ro
)
e |

Fig. 3. Photovoltic cell equivalent circuit

The parameter values of the model have been selected
following the data given in [11]. The number of cells
connected in series to form one set, and the number of sets
connected in parallel to form one array has been
considered to provide maximum power at 48V at the
normal Indian solar irradiance.

I1l. GRID CONNECTED CASCADED TWO LEVEL ISOLATED
AND NON-ISOLATED INVERTER

In recent years, dual two-level inverter topology gains
popularity, considering these advantages, cascaded two-
level inverter topology perform power conversion in
multilevel voltage steps to obtain improved power quality,
lower  switching losses, better electromagnetic
compatibility and higher voltage capability. The both
(isolated and non-isolated source) topology is
constructed by using conventional two level inverters
as shown in the Fig.4 and Fig.6, respectively.
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Fig. 4. Isolated source CTLI topology

G2

A three phase transformer of suitable rating is
connected in between the two inverters. The hv side of the
transformer is connected across the grid. For this
topology, the voltage across a, b and ¢ windings are as
follows:

® -G0 &G0 -60 ®O
- %0 ®0
)

) ~%0 ®0 -&0 &0
-®0 ®0
®)

& -%®0 ®0 -®0 &0
-%®0 ®0
(4)

Where @ o o are the pole voltages of first inverter
and @ o o are the pole voltages of second inverter.

The cascaded inverter is operated as different level e.g.
two, three or four level inverter. Their levels depend on dc
link capacitor voltage. The dc link capacitor voltage
w w and ® i, (for two level inverter), @

w m®w (for three level inverter) and

T ¥oho 1@ & (for four level inverter). It is shown
that if dc link capacitor voltage, @ T® @up and by
selecting certain space vector combinations, all @€

p harmonics, for ¢ plolw 8 8 can be eliminated and
the converter will work as four level inverter [3]. The
dual-inverter topology is used for PV system application
in [3]. Grid-connected photovoltaic systems with three
phase transformer are used in this paper. Transformer
hv-side is connected to the grid.

The control design presented here is made simpler
since it is only used to control the AC currents, being
the references usually given in a d-q reference frame. This
work presents the modeling and design of the cascaded
two-level inverter in grid connected photovoltaic system.

The Fig.5 shows the RL equivalent circuit, for ‘a’
phase; where @ is the grid voltage (L-N), R is resistance
of transformer windings; L is leakage inductance of
transformer windings; Q Q is the output of
converter or input of transformer which is controlled by
first and second inverter. Transformer is step-up with turn
ratio 1: n. For three phase a, band c

O YQ 0 —
©)

£EQ Q
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Fig. 5. Equivalent circuit for‘a’phase

YRY & '™ are considered to be equal to Y and the
0@ e  isequal to O .From equation (5), (6) and (7)
a state space model is developed for the above system as
follows.

Q ~ T Mg @ £Q 0
— " T — Tt Q - w £€Q Q
Q "T[ - nQ w £Q Q
u —U
(8)

Equation (8) is transformed into synchronous rotating
reference frame. Due to this conversion, both active and
reactive currents are decoupled and can be controlled
independently. The g-component of the source voltage,
® T, so that d-component of source voltage, w, is
aligned with synchronous rotating reference frame. The
system variables in d-q frame are expressed as follows:

Q -0 6o Q
Q 9 _Q w Q
(9)

Where, @ is d-axis voltage component of ac source,
g-component of the source voltage ‘Q FQ and "QfiQ are d—
g axes components of cascaded inverter output voltage
and current, respectively.
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Fig. 6. Non-Isolated source CTLI topology

IV. DEVELOPMENT OF SYSTEM CONTROLLERS

The photovoltaic system is connected to both the
inverters with equal ratings and two equal groups of
panels supplying them for isolated source and non-
isolated source CTLI. The objective of the system
controller is to achieve voltage regulation of the inverter
dc-link capacitors. The d-q axis voltages in synchronous
rotating reference frame are expressed as follows:

Q {0YQ 010 w
(10)

Q {0YQ 010 w
(1)

The reference value of d-axis current is generated from
the dc-link capacitor voltage controller. In this paper, the
reference dc voltage is kept at the required average level
of T \¢b. The reference current now can be written as:

For isolated source CTLI

N o g —— U — (12)
For non-isolated source CTLI

QN & o, o 0 — (13)
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The designed PV modules are of equal capacity for the
isolated source CTLI topology, and both of these modules

Where 6° g reference is average dc link capacitor
voltage of inverter and & ho  are the actual dc-link

voltage of the first inverter and second inverter for
isolated source inverter. The @ is the actual dc link
voltage of inverters for non-isolated source inverter. The
control scheme is shown in Fig.7. The current controllers
for "Qand "Qare set up identically. The bandwidths for the
current controllers are taken as ten times of voltage
controller, and voltage controller is select as ¢ fO& The
controllers are tested to operate satisfactorily in the
simulation environment. The E is derived from the
amount of reactive power supply to the grid.

The dc voltage controller ensures that the available
power from solar photovoltaic system be supplied to the
grid. Thus the reduction in solar irradiance will result in
reduction of “Q in the controller. In this study, is
considered as positive to provide active power from the
converter to the grid, and "Q is considered as negative to
supply lagging reactive power from the converter to the
grid.

Tnverter-2
=L"

“a\ [

Load

Voot ©
Fig. 7. Proposed inverter controller

The d-q to abc conversion has been achieved with
the standard vector control practice. The first and
second converters are receiving p Y ttphase shifted
modulating signals. The gate signals are generated after
comparing them with triangular carrier wave of the
switching frequency.

V. DEVELOPMENT OF THE SYSTEM

The cascaded two level inverter (isolated and non-
isolated source) topology based photovoltaic system are
as shown in Fig.1 and Fig.2, respectively. The three phase
transformer lv-side open end winding are connected to
CTLI output, and hv-side transformer directly connected
to grid. Here for phase ‘> Q Q  'Q is primary
voltage. In this paper, INPUT dc capacitor voltage for the
converters are considered to be T ¢b.

are connected in parallel for non-isolated CTLI topology.
The secondary is star connected for the transformer. The
system parameters are taken as:

TABLE 1
SYSTEM PARAMETERS

Parameter Value
Transformer secondary phase voltage (rms) 400 V
Transformer primary phase voltage (rms) 48V
Power frequency 50 Hz

Power rating 2.5 kVA
Transformer leakage inductance, L 13%

Transformer resistance, R 3%
DC link capacitor, C 1500° O

DC link voltage 48V

PWM carrier frequency 1.2kHZ

Grid 400V(L-L)

VI. CoOMPARISON OF CONVERTER PERFORMANCE

The entire grid connected photovoltaic system based
on the cascaded two-level isolated and non-isolated
inverter has been simulated in MATLAB-SIMULINK
environment. The switching frequency of converter is
taken as 1.2 kHz. The 48V isolated dc sources for the
inverters are supported by capacitors of 1500 puF.

A. Isolated source CTldnd Nonlsolated source CTLI

The Fig.8 shows the output voltage of the isolated
source dual-inverter. From this structure, it is required
to verify the multilevel operation of this power
converter with the proposed controller. The output
voltage is more sinusoidal in nature due to its step wise
structure.

100

Voltage (Volt)

18061 062 063 061 065 066 067 068 069 07
Time (Sce)

Fig. 8. Isolated source inverter output voltage
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The output voltage of the non-isolated source dual-
inverter is shown in Fig.9. From this structure it is
possible to verify the multilevel operation of the
power converter with the proposed controller. This is the
fundamental nature of the output voltage.
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Fig. 9. Non-isolated source inverter output voltage

The voltage is applied across the Iv side of the
transformer. The hv side is directly connected with the
grid. The output current of the transformer is oriented in
the considered d-g axis, to provide the idea of active and
reactive power supplied by it. The active power supplied

is0 -0 "Q The & is designed to be of constant value

since it is expressed from the constant grid voltage. The
active power (P) is directly dependent on the magnitude
of Q

In an isolated source dual-inverter, the solar irradiance
decreases at time 0.5sec, as a result of which the current
"Q reduces as shown in Fig.10. It is seen that the Q is
reduced an amount of 30% in a step. It settles down to
3.5Amp from the initial value of 5Amp. The Q
[following its reference value zero, remains at zero so as
to ensure no reactive power exchange with the PV
system. This ensures maximum utilization of the
available solar power. The variations of the currents are
shown in Fig.10. The dc average voltage changes as
shown in Fig.11. It is clearly seen that the 30% reduction
inactive power supply reduces the dc voltage only by 3V.
The dc voltage controller is made 10 times slower than
the current controllers of Fig.7. Here the voltage is
retrieved to its initial value within 0.05sec only. The
change in the quadrature axis current during the entire
operation is negligible.

At time 0.5sec, when the solar irradiation reduces, the
values of "Q for both the non-isolated source dual-
inverter and isolated source dual-inverter are same as
shown in Fig.10 and Fig.12, respectively, given that
"Q 1 The controller is same as isolated source inverter
as shown in Fig.7. The non- isolated source dual-inverter,
30% reduction in active power supply reduces the dc-link
voltage by 7V.

Department of Electrical Engineering, National Institute of Technology, Durgapur, West Bengal, INDIA.

The dc voltage change for the non-isolated source
dual-inverter is as shown in Fig.13. It is observed that
non-isolated source dual-inverter dc-link voltage
undergoes a higher change in transient as compared to
isolated source dual-inverter dc-link average voltage,
where as both of them have been able to retrieve back to
the previous value at steady state.

6 T T T

Current (Amp)

|
0.55
Time (Sec)

6.45 0.5 06

Fig. 10. Direct axis and quadrature axis current of the isolated
source cascaded inverter in response to the reduction of solar
irradiance.
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Fig. 11. Average DC link voltage of the isolated source cascaded
inverter in response to the reduction of solar irradiance.
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Fig. 12. Direct axis and quadrature axis current of the non-isolated
source cascaded inverter in response to the reduction of solar

irradiance.
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Fig. 13. Average DC link voltage of the non-isolated source
cascaded inverter in response to the reduction of solar irradiance.

For both isolated source CTLI and non-isolated source
CTLI the solar irradiance is now increased at 1sec. As a
result, the current E increases to 5Amp from 3.5Amp for
both the cases. The nature oZE and Evariations are,
respectively, shown in Fig.14 and Fig.16. The E is kept
at zero by the control action and found to be
changing negligibly. The variation in dc-link average
voltage of isolated source dual inverter is only by 3V in
transient which is shown in Fig. 15.

6

Current (Amp)

o5 1 1.05 L1 [RE
Time (Sec)

Fig. 14. Direct axis and quadrature axis current of the isolated
source cascaded inverter in response to the increment of solar
irradiance

60 ! 1 !
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Fig. 15. Average DC link voltage of the isolated source cascaded
inverter in response to the increment of solar irradiance

On the otherhand, for non-isolatedsource dual-inverter
the dc link wvoltage increases by 7V in transient as
shown in Fig. 17. This transient dc-link voltage variation
in non-isolated source dual-inverter inverter is higher
compared to that in case of isolated source.

5 | ? ? |

s 1 105 1.1 115
Time (Sac)
Fig. 16. Direct axis and quadrature axis current of the non isolated
source cascaded inverter in response to the increment of solar

irradiance.
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5 | I
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Fig. 17. Average DC link voltage of the non isolated source
cascaded inverter in response to the increment of solar
irradiance
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In absence of solar irradiance the isolated source CTLI 6
increases the reactive power supply. The absence of solar
power will reduce the active power supply to zero, which
implies that i, the "Qgoes to zero.
VII. REACTIVE POWER CONTROL g
<
The reactive power is expressed in d-gq frame can be =
calculated as 3 ;
b - 0 (14)
As the voltage vector, 0 mhthe reactive power can ol
be rewritten as:
0 - . (15) Was 15 155 16 1.65

Time {Sec)

The reactive power positive means lagging reactive Fig.19. Direct axis and quadrature axis current of the cascaded

power is supplied from the grid. Hence, for lagging inverter, with increase in the reactive power supply in STATCOM
reactive power supply the Iqis going to have some mode.
negative value. The reactive power compensation scheme However, because of a sudden change in reactive

power supply the capacitors draws some currents from
the grid and also the increased losses, because of increase
generated through an algorithm. In this case, the lagging in the current is supplied by the grid. It is found that the
reactive power supply is increased by 1700VA in a step. i, takes 15 milli sec to be stable. The final value of 'Q
The command is given at 1.5sec in the simulation. The d '

reduces accordingly. The dc link voltage undergoes

effectis shown in Fig.19. The lq 15 shown to achieve the through the transients as shown in Fig.20. It took 0.04 sec
required level of -3.5Amp almost instantly. The i IS to get back to its reference values. The instantaneous
change in the capacitor voltage happened because of
sudden power demand in the distribution STATCOM
mode. The effect of change in reactive power reference is
not affecting the dc link voltage in steady state because
of the same dc link voltage controller. The controller
actually maintains the dc link voltage by balancing the
power flow across the capacitor.

Fig.21 shows how the i, changed to bring the dc link

voltage back to its reference value. This ensures the
capability of the controller to operate in STATCOM
mode. The absence of active power supply is established

from the zero value of i, . However the converter can be

is shown in fig. 18. The reference value for iq can be

supposed to be zero following no active power supply in
absence of solar power.

| —r T —

Inverter-]

W operated to supply reactive power in presence of active

&\ [ & power also. Only the i, will be having a value to allow

Recie ovet il the available active power of the solar PV to floe to the
compensation algorithm . d
grid.

Fig. 18. Proposed isolated source CTLI reactive power controller
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Fig.22 shows the source voltage, source current and
inverter current at STATCOM mode. The source voltage
is taken between line to line, and the source current, and
inverter current is taken at the line. The figure shows that
the inverter current increases after the reactive power
command comes at 1.5 sec. This increment in the inverter
current helps the source current to reduce its magnitude. i i
Moreover, Fig. 22(b) shows that the phase difference of e PO ime (See) ter e
source current with source voltage reduces in this mode
of operation. This ensures that the supply reactive burden
has been reduced by operating the photovoltaic inverter ' o
in the distribution STATCOM mode.

The reactive power reference may be set to a value
such that the converter is utilized at its maximum. In that

Voltage (Volf)

Current (Amp)

case the reactive current will be the difference between sl - i i =
the allowable current of the converter and the active Time (Se)
current componentid . If the distributed system finds the Fig. 21.  Close view of average DC link voltage and direct axis
. . . . current of the cascaded inverter in STATCOM mode.
lagging reactive power demand is less than the available
capacity, the required reactive power will be generated 0 ’”_*"“‘
by a lower "Q This algorithm is developed and shown in i 3
Fig. 18. o g I S
g 5 ll:.e_cule § P M :
38 20 . as : t =\
oI R — e LN
Vdc actual : §§ 1 l\r / EE \ \/ \/ i
Bl smessmsssssasssanssdhesssnnaghassnsnssssdisssssissaisssissanssdssanssansnansaansaanl m%’ / < | '
i i Ve ref g / £s S R ri—
[1] r / : H 2 r \ ( \ a ifeter Qurfent 0 : A
E : : g 3 U Inveneg Cument | 1
50 - ‘ . U U U U { U 014 148 14 15 151 152 15
i Time (Sec)

S0
R[5 15 155 16
Time (Sec) b)

G

Voltage (Volt)
F-. F-.

= o

T

1

R """"""""""" """""""""" 1 Fig.22.  Source voltage, Source current and Inverter current in

ol i 5 i | STATCOM mode, (a) normal view, (b) zoomed view.
O R SR R S V1. CONCLUSION

2 : ; ; The grid connected photovoltaic system is proposed

45 15 T.ml'fssec] 18 165 with vector control scheme for dual-level inverter. The

proposed scheme successfully controls the dual level

Fig.20.  Average DC link voltage of the cascaded inverter, with inverter. The power converter system with the

increase in the reactive power supply in STATCOM mode. proposed controller has been designed and verified by

numerical  simulation in MATLAB-SIMULINK
environment.
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The controller maintains the dc-link capacitor voltage
under both the isolated source and non- isolated source
dual inverter topology, and increase in the active power
supply with change in the availability of solar power.
These results show satisfactory performance both in
steady state and transient conditions for both isolated
source and non-isolated source inverters. The results also
show that the isolated CTLI has good performance
characteristic in transient condition compared to that
obtained in non-isolated topology. In isolated source
CTLI the controller also maintains the dc link voltage
level in STATCOM mode in absence of solar power.
This ensures the utilization of the photovoltaic system in
all possible situation of solar power availability
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