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Single-Phase Cascaded Grid
Connected Multilevel Inverter for
Interfacing Renewable Energy
Sources With Microgrid

In this paper, a novel single-phase cascaded grid connected multilevel inverter (MLI) is
proposed for feeding power to microgrid from renewable energy sources (RESs). The
proposed inverter is capable of feeding power to microgrid with low total harmonic dis-
tortion (THD). The proposed inverter consists of two H bridge inverters connected in cas-
cade, namely, upper and lower inverters. The upper inverter is fed from photovoltaic
(PV) array through a DC-DC boost converter, whereas the lower inverter is fed from
wind turbine (WT) coupled to permanent magnet synchronous generator (PMSG) through
an uncontrolled rectifier and DC-DC boost converter. The upper inverter operates at
high frequency, whereas the lower inverter operates at fundamental frequency. To extract
maximum power from the WT and PV array, a sliding mode control based maximum
power point tracker (MPPT) is used. The proposed inverter is connected to the single
phase 230V, 50 Hz grid, and the control algorithm is implemented in the SPARTAN 3A
digital signal processor (DSP) board. The proposed inverter is simulated using MATLAB/
SIMULINK, and detailed experimental results are presented to show the efficacy of the pro-

posed inverter under different environmental conditions. [DOI: 10.1115/1.4030886]

1 Introduction

Microgrid research is gaining more and more importance due to
the need of economic usage of electric power. Nowadays, fossil
fuel is the main energy supplier of the world wide economy, but it
is a major cause of ecological problems (such as global warming
and air pollution). The need of producing more energy combined
with the interest in green energy technologies results in an
increased development of power distribution systems using RESs
such as wind energy, solar, hydro, biomass, wave energy, tidal
power, and geo thermal energy [1]. Further stress on the present
electrical power system is also increasing, due to the increase in
power demand, limitation on power delivery capability of the
grid, complications in building new transmission—distribution
lines, and leading to blackouts [1]. Developments of power elec-
tronic converters along with its high-performance controllers
make it possible to integrate different types of RESs to the
microgrid.

Different converter topologies as well as control methods to
integrate renewable energies, i.e., wind power, solar power, etc.,
in power grids are surveyed, in detail, in Refs. [2—10]. In the cited
papers, it can be seen that extensive research is undertaken to
connect RESs to three-phase grids using three-phase pulse-width-
modulation (PWM) inverters. In the case of medium power micro-
grid application, single-phase inverters are gaining popularity
[11-25]. The existing literature shows that, on the one hand, the
single-phase inverter is directly connected (through an interfacing
choke coil) to the point of common coupling (PCC) [11] to facili-
tate power flow to PCC. On the other hand, the grid (microgrid)
and the loads are also connected to the PCC. In a typical residen-
tial application, the renewable energy is used to reduce the load
power demand from the microgrid.

ICorresponding authors.

Contributed by the Solar Energy Division of ASME for publication in the
JOURNAL OF SOLAR ENERGY ENGINEERING: INCLUDING WIND ENERGY AND BUILDING
ENERGY CONSERVATION. Manuscript received July 2, 2014; final manuscript received
June 13, 2015; published online July 7, 2015. Editor: Robert F. Boehm.

Journal of Solar Energy Engineering

Copyright © 2015 by ASME

The energy from the renewable/natural sources tends to vary
throughout the day and hence optimizing the energy capture is a
necessity. For WTs and PV arrays, the output power is determined
by the wind speed and irradiation. Hence, the control of these sys-
tems needs to behave appropriately according to the variation of
these parameters. For example, the turbine speed for wind needs
to be adjusted for different wind speeds such that the generated
power available is optimized and the system runs at MPP. Simi-
larly, the output DC voltage and current of the PV array systems
need to be adjusted in order to run them at MPP. Numerous types
of converters have been used to provide grid connected renewable
energy systems. In PV applications, DC-DC converters are uti-
lized to regulate the variable and low quality output voltage of PV
panels. A DC-AC converter is used to generate desired voltage
and frequency for the grid connection. Similarly, AC-DC-AC
converter is essential for the Wind Energy Conversion System
(WECS) as wind energy is variable.

Due to the rising demand for medium and high power applica-
tions, MLIs have been attracting and growing consideration in vari-
able speed WT and PV systems recently [3,4]. Multilevel converters
enable the output voltage to increase without increasing the voltage
rating of the switching devices, so that they offer the direct connec-
tion of renewable energy systems to the grid voltage without using
the expensive and bulky transformers. Various topologies of MLI
have been investigated in the literature. The most common types
among them are the diode clamped [5], the flying capacitor [6,7],
the cascaded H bridge MLIs (CHBMLI) [8,9], modified H bridge
MLIs [10], and the full bridge with cascaded transformers [11].

Among the various types of MLI, cascaded type is more popu-
lar especially, in particular, for grid connected renewable energy
applications due to the following reasons:

(1) Individual H bridge can be connected to a separate RESs
such as PV modules, WTs, and fuel cell stacks.

(2) Step up transformers are eliminated since the output volt-
age level required for grid power injection can be achieved
by DC-DC boost converters and the cascaded connection
of H bridge outputs.

OCTOBER 2015, Vol. 137 / 051004-1
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(3) The CHBMLI has very less THD when compared to three-
level based inverters, which in turn reduces the output filter
size for the compliance of grid harmonic standards [12,13].

(4) Since this topology allows the connection of independent
RESs, each dc-link voltages can be independently con-
trolled, the maximum power extraction of a reduced num-
ber of PV modules can be accomplished with the help of
MPPT algorithms [14].

This paper proposes a novel single-phase grid connected MLI
fed from PV arrays and WT coupled PMSG. The proposed

Proposed single phase 11-level inverter fed from PV module and WT

inverter is switched by hybrid modulation technique. In order to
track the MPP of the PV array and the WT, a novel sliding mode
control strategy is used, which is more accurate and fast in track-
ing the MPP for varying environmental conditions.

2 System Configuration

The proposed single phase 11-level grid connected MLI is an
enhanced version of the inverter developed in Ref. [9]. It consists
of two inverters connected in cascade (namely, upper and lower
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Fig.
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2 Operating modes of the lower inverter
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Table 1

Switching states of proposed inverter

Upper inverter switches
(high frequency switches)

Lower inverter switches
(low frequency switches)

Derived output
voltage Vdcl = deZ = 2Vdco

MS 1 MSZ MS3 MS4 MSS MSG MS7 MSg AS] Vup Vlow Vlolal Mode
ON OFF OFF ON ON OFF OFF ON OFF 0« Vch 4Vdc0 4Vch Ad Svdc() 1
OFF ON ON OFF ON OFF OFF ON OFF ~Vieo = 0 4Vqco 3Vaco < 4Vaco I
ON OFF OFF ON OFF  OFF  OFF ON ON 0 Vaeo Waeo 2Wae0 < 3Vaeo 11
OFF ON ON OFF OFF OFF OFF ON ON ~Vaco =0 2Vaco Vaco = 2Vaco v
ON OFF OFF ON ON ON  OFF OFF OFF 0V O 0 < Vieo v
OFF ON ON OFF OFF OFF ON ON OFF 0= —Vieo 0 0= Vo VI
ON OFF OFF ON OFF ON OFF  OFF ON Vaeo < 0 “Wio Vo —2Vaeo VI
OFF ON ON OFF OFF ON OFF OFF ON 0 < —Vieo —2V4eo —2Vaeo = —3Vaco VIII
ON OFF OFF ON OFF ON ON OFF OFF Vaco < 0 —4Vaco —3Vaco = —4Vaco IX
OFF ON ON OFF OFF ON ON OFF OFF 0 < —Vieo —4Vaco —4V4e0 = —5Vaco X

inverters). The upper inverter is a conventional H bridge inverter,
whereas the lower inverter is the one established in Ref. [9].
Figure 1 shows the circuit configuration of the proposed MLI.
This proposed inverter configuration has a lot of advantages such
as less number of power electronic devices, power diodes, capaci-
tors, and isolated DC sources when compared with other configu-
rations and is best suited for renewable energy applications.

The upper inverter is fed from a PV module through a DC-DC
boost converter, and the lower inverter is fed from a WT driven
PMSG through an uncontrolled rectifier and a DC-DC boost con-
verter. The DC-DC boost converter in the upper inverter is used
to track the MPP of the PV module. The uncontrolled rectifier in
the lower inverter converts the AC voltage generated from the
PMSG to a DC voltage. The DC-DC boost converter in the lower
inverter is used to track the MPP of the WT and to convert the rec-
tified DC voltage to a high voltage DC. High dc bus voltages are
essential to make sure that power flows from the PV module and
the WT to the grid. A filtering inductance L; is used to filter the
current injected into the grid. Switches SW; and SW, are used to
disconnect the PV power generation system and wind energy con-
version system from the grid during islanding operation. The load
is placed between switches SW; and SW,. By switching
the inverter properly, it can produce 11-output voltage levels from
the DC supplies.

2.1 Operation of the Proposed MLI. The proposed MLI
configuration is of asymmetrical type. The magnitude of each DC-
link capacitor in the lower inverter is two times the upper H bridge
capacitor (i.e., Vgeo = Vg3 =2V4c1). Hence, the DC-link voltage
of the lower H bridge is four times the DC-link voltage of the
upper H bridge. Thus, 90 of the power fed to the load is from the
lower inverter and the upper inverter supplies only ten. The upper
H bridge inverter is a conventional inverter which generates three-
level output (+Vyc1, 0, and —V4.1). The lower H bridge inverter is
capable of generating five-level output (+2Vgc1, Vaers 0, —Vaers
and —2Vy.1). The lower H bridge inverter operation can be
divided into five switching states, as shown in Figs. 2(a)-2(f).

Figures 2(a) and 2(f) are switching sequences of the lower
inverter in the conventional mode. Figures 2(b) and 2(e) show the
additional switching sequence of the lower H bridge. The
combined switching combinations of the upper and lower H
bridge inverters to develop 11 levels at the load terminals are
given in Table 1.

2.2 Hybrid PWM Switching Strategy. To minimize the
switching losses in the proposed MLI, hybrid PWM switching
strategy is used [15]. Since most of the power fed to the load is
from the lower inverter, the switches of the lower H bridge
inverter are switched at fundamental frequency (i.e., at 50 Hz).
Whereas, the upper H bridge inverter switches are switched at
high frequency (i.e., at 10kHz). Figure 3 shows the modulation

Journal of Solar Energy Engineering

strategy of the proposed inverter. The signals Ry, and Ry, shown
in Fig. 3, are responsible for generation of PWM pulses for the
upper inverter. Signal Ry, is compared with the high frequency
carrier to generate PWM for MS, and MS,, similarly Ry, gener-
ates PWM for MS, and MSs. Since the lower inverter switches at
low frequency, the switching signal generation of lower inverter
switches can be determined easily by simple arithmetic and logi-
cal computations. The switching signals for the lower inverter are
also shown in Fig. 3.
The total reference waveform of the inverter is generated, as
shown in Fig. 4(a) and defined in the following equation:
Uver = sin(wr) )
The reference waveform for the upper inverter is generated by
using the following expressions:

1
-

if Ut >0
if Uper <0

@

"
VYL TTT

AL
ERRE i
LA AN A
Vi

ALLALLLLLE
ATV

e
-]

V ueper

MS,

MS; |

MS,

AS, ? I

Fig. 3 Modulation strategy of the proposed inverter
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Ul'e
VLower‘expected = (round (%) * 0.4 % Zl)

Ute =
+ (round(‘ioj) 0.4 x Zl) 3
Rop = 5% (Uref - VLower‘expected) (4a)
Rppy=1-— [5 * (Uref - vLower.expected)} (4D)

The waveform representation of Egs. (1), (3), and (4) is shown
in Fig. 4. The reference waveform for the lower inverter is given
by

‘ Uref |

VLower«,ref = round (0—4> (5)

The next step is to divide the lower inverter reference signal (5)
into two signals (i.e., Ry, and Ry;) and they are given as

o 1« if VLowerAref >1

Rl o {0 s if VLowerAref <0 (60)
o 1o if VLowerAref > 2

RZ a { 0 : if VLower,ref < 0 (6b)

The H bridge switches of the lower inverter are switches as per
the equations given below

MSs(1) = [(Ri) + (R2)] * (Z1) @)

MSe(1) = [(R1) * (Z1)] + [(Ry) * (Z1)] ®)

MS; (1) = [(R1) + (R2)] * (Z1) )

MSs (1) = [(R1) * (Z1)] + [(R1) * (Z1)] (10)

where “+” denotes logical or operation and “*” denotes multipli-
cation of signals. The switching patterns of auxiliary switch AS1
are given by

ASl(t) = ((Rl @Rz) *Zl) (11)

where “@” denotes XoR operation.

2.3 Comparison of Proposed Inverter With Other Similar
Topologies. Generally, if the number of output voltage levels is
increased, then the number of power electronic devices and the
number of isolated DC sources are also increased. This makes a
CHBMLI further complex.

In the case of converters for RESs, another important issue is
the achievement of the MPPT. DC-DC converters are mandatory
for each isolated DC source in renewable energy applications.
These converters adjust the variable or low quality output voltage
of RESs. In addition, power output of RES has to be maximized
as it depends on the ecological factors. So in order to track the

Table2 Comparison of proposed inverter topology with other similar topologies

No. of switching  No.of No.of DC  No. of balancing No. of high

Topology devices levels sources capacitors frequency switches Issues

MLI with series/ 11 11 2 2 4 More number of power electronic

paralleIDC sources [29] devices

Five level inverter 5 5 1 2 2 Not suitable for hybrid renewable

proposed in energy application because of only

Refs. [9] and [26-28] one DC source

Seven level inverter 6 7 1 3 3 Not suitable for hybrid renewable

proposed in Ref. [30] energy application because of only
one DC source and capacitor voltage
balancing issue

Conventional 8 5 2 — 8 Number of levels is minimum and

symmetrical CHB THD is not as per IEEE norms

Asymmetrical 8 7 2 — 8 Number of levels is minimum and

CHB 1:2 configuration THD is not as per IEEE norms

Asymmetrical CHB 1:3 8 9 2 — 8 Number of levels is minimum and

configuration THD is not as per IEEE norms

Proposed inverter 9 11 2 2 4 Suitable for hybrid renewable energy

application with minimum number
of switching devices and DC sources

051004-4 / Vol. 137, OCTOBER 2015
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Fig. 5 (a) VI characteristics of PV module under different irra-
diance and the optimal switching surface (green), S (v, i) =0, (b)
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cell temperatures (50°C and 25 °C) with optimal switching sur-
face, S (v, ) =0, and (c) WT speed versus power characteristics
for various wind speeds and the optimum switching surface
(red) Su(p, n) =0

MPP of RESs, additional voltage and current sensors are obliga-
tory for each DC-DC converter. These additional sensors further
increase the system complexity.

There are numerous MLIs proposed in the literature for RES
applications [26-31] with minimum number of power electronics

Journal of Solar Energy Engineering

Table 3 Parameters of PV module under STC (1000 W/m?
25°C)

Parameter Value
Power output Pyax (W) 180
Voltage at Pyax, Vmax (V) 35
Current at Pyjax, Imax (A) 5.03
Open circuit voltage V. (V) 43.6
Short circuit current /. (V) 5.48
Table 4 Parameters of WT and PMSG
WT parameters PMSG parameters
Rated power (kW) 2 Rated power (kW) 3
Rated wind speed (m/s) 10 Stator resistance (Q) 1.5
Radius (m) 1.525  Stator inductance (mH) 0.01
Gear ratio 5 Pole pairs 2
Air density (m*/kg) 1.08 Flux (Wb) 0.2194
Height (m) 5 Moment of inertia (kg m) 2

devices. Among the proposed inverters in the literature, the MLI
developed in Refs. [9] and [26-28] is the best option which has
only five power electronic devices, two DC-link capacitors, and
one DC source. Since it has one DC source, this inverter is not
capable for integrating hybrid RESs. But by adding additional
power electronic device to the inverter proposed in Refs. [9] and

190 T T T T T T

" 1000 wim i i
AL ST L ) [ R S
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Fig. 6 Performance of sliding mode control based MPPT for

sudden variations in environmental conditions: (a) PV module
and (b) WT
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[26-28], it is possible to increase the number of levels by two at
the output voltage, this in turn increases the number of DC-link
capacitors to three. Increasing the number of DC-link capacitors
more than two introduces capacitor voltage balancing problems
[31].

In this paper, an MLI with minimum number of DC sources
and power electronic devices is proposed which can be used for
hybrid renewable energy applications. The proposed inverter is a
modified version of the one developed in Refs. [9] and [26-28].
The proposed inverter is developed by adding additional H bridge
in cascade to the inverter developed in Refs. [9] and [26-28].
Table 2 shows the comparison of proposed MLI with other similar
topologies.

3 Sliding Mode Control Based MPPT for PV Module
and WT

At given environmental conditions, PV module and WT supply
maximum power at a particular operating point—the MPP. In
order to make use of the nature power effectively, it is necessary
to operate PV module and WT at their MPP [16-20]. However,
the locus of MPP varies over a wide range, depending on the
climatic conditions [21,22]. For example, MPP of PV module
depends on its temperature and insolation intensity and MPP of
WT depends upon the wind velocity, which varies throughout the
day. Many authors have proposed different solutions [23-25,32].
Some of them are better during steady-state [23,24], while others
show superior performance transitions [25,32]. The “perturb and
observe” and the hill-climbing algorithms are probably those most
widely used. The operating principle is almost similar in both the
algorithms, in the case of the PV module, the voltage and current
of the PV generator are sensed and the power is calculated,

whereas in the case of WT, speed and torque are sensed and the
power is calculated. Then, the MPP is sought iteratively.

These algorithms involve a trade-off in selecting the increment
value by which the control factor, such as reference voltage, cur-
rent, or duty cycle, is tuned. When small values are chosen, the
losses are decreased in steady-state because of small perturbations
around the MPP but give poor dynamic performance. On the other
hand, large values improve the dynamic behavior but give large
steady-state error [25,32]. The presented sliding mode control
based MPPT improves the dynamic performance and reduces the
steady-state error. Figure 5(a) shows the VI characteristics of
TATA BP solar PV module (TP 180) for various insolation condi-
tions. Once the VI characteristics are simulated for various irradi-
ance levels, MPP data can be easily identified from the simulation
data array. All the MPP for various irradiance levels are joined
together to form a curve by using curve fitting tool of MATLAB/
sIMULINK. The equation of the curve is also given in Fig. 5(a). The
electrical parameters at standard testing conditions (STCs) are
given in Table 3.

The system used for MPPT is shown in Fig. 1. Assuming a
large output capacitor (Cy, C,, and C; in Fig. 1) and the DC-DC
boost converter output voltage is assumed to be almost constant.
Thus, the PV module voltage and current form all the converter’s
state variables, which give the switching surface as given by the
following equation:

S(,i)=a.i— by’ +cr* +dv+e)=0 (12)
where a=1, b=0.025, ¢ =2.35, d=73.8, and ¢ =778 for 25°C
anda=1,b=0.025,c=2.35,d="73.8, and e =528 for 50°C

S <0 = ON state, S > 0 = OFF state.

where v and i are PV module voltage and inductor current and
a, b, ¢, d, and e define the switching surface. a, b, ¢, and d set the
slope in the PV module v—i plane and e sets the offset. When
S < 0 (ON state), Sp,; switch in Fig. 1 is turned ON and the induc-
tor gets charged. The current 7 through the inductor increases and
S (v, i) increases. When S >0 S, is turned OFF and the energy
stored in the inductor discharges through the load. Thus, the cur-
rent i through the inductor decreases as a result S (v, i) also
decreases. Thus, S (v, i) is kept in a “switching band” around
S =0. When there is a change in temperature of PV cell as shown
in Fig. 5(b), the switching surface equation does not change
much, only the constant term “e” changes, which is decided by
the temperature sensor.

Similarly, Fig. 5(c) shows the speed versus power characteris-
tics of WT for various wind speeds. The details of the WT and
PMSG used in this study are given in Table 4. The same proce-
dure is repeated to track the MPP of WT. The sliding surface for
WT is as given by the following equation:

Sw(p,n) =ap— (bn*+cn+d) =0 (13)

Grid Current Control

CURRENT
CONTROL
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where (a, b, ¢, d) >0, Sy; <0 = ON state,

Swt > 0 = OFF state

where p and n are the WT power and speed. When Sy, (p, n) <0
(ON state), Sy, in Fig. 1 is turned ON and the inductor charges.
The current i through the inductor increases, which in turn
increases the sliding surface Sy, (p, n). When Sy, (p, n) >0 Sy, is
turned OFF and the energy stored in the inductor discharges to the
load. Thus, the current i through the inductor decreases as a result
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Swi(p, n) also decreases. Thus, Sy(p, n) is kept in a “switching
band” around Sy,(p, n) = 0. Figure 6 shows the performance of the
proposed sliding mode controlled MPPT algorithm for PV mod-
ules (Fig. 6(a)) and WT (Fig. 6(b)). It is clear from Fig. 6 that
steady-state and dynamic performance of the MPPT algorithms is
good and it perfectly matches with that of the actual MPP (refer
data points in Fig. 5).

4 Control of Grid Connected MLI

This section presents a method for controlling a MLI which
interfaces PV sources and WT to the grid. The proposed system,
as show in Fig. 7, is proficient of maintaining system performance
despite of environmental conditions. This system topology is com-
posed of two circuits which have a dc—dc converter at the input, a
dc-link capacitor, and an H bridge at the output. Both these cir-
cuits will be referred to as a subinverter. Both subinverters are
connected in series and then interfaced to the grid via an inductive
output filter. Energy balance is managed by a single master
controller and two local subinverter controllers.

A master controller is used to manage energy flow between the
aggregate system of subinverters and the grid-utility. In particular,
the main functions of the master controller are to regulate the out-
put current, i,, and to manage the total voltage across the dc-link
capacitors. The master controller generates a master modulation
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signal, Mgy s, which is then fed to the individual subinverter con-
trollers. Each local controller then scales Mgy s to create a unique
modulation signal, M, and M, such that the local dc-link capacitor
voltage is regulated. In addition, both PV source and WT is inter-
faced to a dc—dc converter which performs MPPT. From inspec-
tion of Fig. 7 is apparent that the MPPT controllers are decoupled
from the rest of the control system. With the proposed controller,
the task of capacitor voltage balancing is decomposed into two
separate problems. Namely, the master controller regulates the ag-
gregate sum of the capacitor voltages, and the local controllers
manage their respective dc-link voltage.

4.1 Master Controller. The master controller, as illustrated
in Fig. 8, has two purposes: (i) regulate the sum of the dc-link vol-
tages to a prescribed value and (ii) deliver a sinusoidal output cur-
rent to the grid. The first objective can be recast in terms of
energy balance. Since the dc-link capacitors are energy storage
devices, their voltages can be maintained by ensuring that the
energy generated by the PV and WT (minus losses) is delivered to
the grid. The current control stage can be designed using conven-
tional current control methods. Each of the two master control
sections is described below. If the total power conversion loss is
Diosss RMS output current is /.., and peak output current is iy,
then the energy conversion can be written as
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i
LUI +P2] — Ploss = Vimslrms = VrmsLk (14)

V2

where p; and p, are the power delivered from PV module and
WT. Assuming losses are small so that py. 1S approximately zero
then Eq. (13) can be rewritten as

1

2
\/_ Vrms

15s)

[p1 + p2] = ik

It then follows that the quantity, i,pprox, in Fig. 8 is approximately
equal to the required peak output current for energy balance.
However, because losses are uncertain and nonzero, an adjustment
term, i,qj, is necessary. This adjustment term is generated by com-
paring the aggregate dc-link voltage to a fixed set point, Vigpar
and feeding the error to a proportional integral (PI) controller. The
aggregate dc voltage command value, Vigr,;, must be chosen suf-
ficiently higher than the peak grid ac voltage. The sum of 7,pprox
and i,q; then forms the peak output current command iy, .

The second stage of the master controller is designed to syn-
chronize to the grid and regulate the output current. As shown in
Figs. 1 and 7, the measured grid voltage is utilized by a phase-
locked-loop (PLL) to generate a sinusoidal reference, sin(wt),
which is in phase with the grid voltage. Here, it is assumed that
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Fig. 14 Power injected into the grid for irradiance of 1000 W/m? and 10 m/s of wind speed

operation at unity power factor is desired. The PLL is conven-
tional, as outlined in Refs. [33—38], for the proposed application.
A sinusoidal current reference is created by multiplying the peak
current command with sin (w?). Finally, a conventional current
controller can be used to generate the system level modulation
signal, Mgy s, which then goes to the both the local controllers.

4.2 Local Controller. The collection of two local controllers
is shown in Fig. 9. The primary purpose of each controller is to
regulate the dc-link voltage of its respective subinverter. As
shown, each dc-link voltage is compared to a fixed dc reference,
Vi and Vi,. This voltage reference is related to the aggregate
dc-link command by

Vi Vi
V;cl — TO5TAL , V:icz — 4« ( TOSTAL) (16)

The output of the first and second PI controller is then multi-
plied by the master modulation signal, Mgy s, to create the local
modulation signal M; and M,. Ultimately, the local modulation
signals and interleaved carriers are used to generate PWM signals
which control both H bridge inverters. As the modulation signal,
M, is decreased in amplitude, the output power of the first sub-
inverter decreases and the upper dc-link capacitor charges up.
Alternatively, the upper dc-link capacitor is discharged more
heavily as the modulation depth of M, increases. This concept of
master controller and local controller is dealt clearly in Ref. [39].

5 Results and Discussion

The simulation of the proposed 11-level grid connected hybrid
PV and WECS is simulated using MATLAB/SIMULINK before it is
implemented experimentally as a prototype. The PWM switching
logics for the proposed CHBMLI is developed by using the
expressions (4) and (7)—(10). The upper inverter is switched at
high frequency (i.e., 10kHz), and the lower inverter is switched at
a frequency close to fundamental (i.e., 50 Hz). The upper inverter
dc bus voltage is set to 70 V, and the lower inverter dc bus voltage
is set to four times the upper inverter voltage (i.e., 280 V). So the
net dc-link voltage is set to 350V (> \/ngrid); in this case, Vg
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is 230 V). The total dc bus voltage should be always greater than
V/2 to inject current into the grid, else current will be injected
from the grid into the inverter. Therefore, it is recommended to
operate the inverter between modulation indices of 0.8 and 1.
Figure 10 shows the simulated and hardware waveforms obtained
from the prototype of the proposed 11-level inverter with modula-
tion index of 0.95. Figure 11 shows the simulation and experimen-
tal results of the inverter output voltage supplied to the load along
with the upper and lower inverter voltages.

In order to study the dynamic behavior of the proposed inverter,
grid voltage is disturbed from 180 V RMS to 230V RMS at 0.35s
in simulation. It can be noticed from Fig. 12 that due to sudden
change in the grid voltage, the proposed inverter is capable of
tracking the grid voltage automatically, by adjusting its amplitude
modulation index. Figure 12(b) shows the waveform obtained
from the developed prototype for sudden perturbation in the grid
voltage.

Figure 13 shows the simulated and experimental waveforms
obtained due to sudden drop in the irradiance level from 1000 W/m2
to 800 W/m?. It can be observed in Fig. 13 that the current supplied
by the PV source drops down due to fall in irradiance.

Figure 14 shows the voltage and current injected into the grid
when both PV module and WT ogerated at their rated environ-
mental conditions (i.e., 1000 W/m~ and 10m/s). When the envi-
ronmental condition changes, the RMS magnitude of current
injected into the grid also changes in proportional. From Fig. 14,
the amount of RMS current injected into the grid is 9.35 A and the
total power injected into the grid is about 2 kW.

6 Conclusions

This paper has presented a novel single phase 11 inverter with
reduced switching devices and isolated DC sources with sliding
mode based MPPT algorithm. Simulations are carried out in
MATLAB/SIMULINK, and prototype model was also developed for
2.4kW. Entire control system is developed by using field pro-
grammable gate array board. The results obtained from simulation
and experiment match perfectly with each other. This proposed
CHBMLI system offers the advantage of reduced number of iso-
lated DC sources and switching devices when compared to the
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conventional CHB inverter. In addition, high frequency switching
devices are operated at low voltage and low frequency devices are
operated at high voltage, due to which the efficiency of the entire
system is high compared to conventional CHB inverters. The 11-
level inverter can perform the functions of regulating the dc bus
voltages of upper and lower inverters and convert PV power and
WT power into ac power with sinusoidal current in phase with the
grid voltage. The experimental results show that the developed
PV power generation system, WECS, and the 11-level inverter
achieve the expected performance.
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