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Abstract

The reduced switch count multilevel inverter (RSC-MLI) is the latest trend in power elec-
tronic converters due to reduction in the switch count and cost. However, a large number
of RSC-MLIs have not yet reached to the application level because of the absence of mod-
ularity, unequal load-sharing among DC sources and the absence of switching redundan-
cies. On the other hand, multilevel dc-link (MLDCL) and switched series parallel sources
(SSPS) RSC-MLI topologies are modular structures with adequate switching redundancies
and can be an alternative to conventional cascaded H-bridge (CHB) for grid-connected
photovoltaic (PV) systems. Therefore, in this paper, a comprehensive comparison among
CHB, MLLDCL and SSPS topologies has been carried out for grid connected PV applica-
tion. Based on the outcome, an asymmetric 11 kV three-phase 11-level SSPS RSC-MLI is
chosen. In this combination, a common non-linear sliding mode controller (SMC) is devel-
oped for generating maximum PV power from asymmetric single-stage PV sources by lin-
earizing the non-linear PV system using an effective feedback linearization scheme. The
PV power extracted is delivered to the grid by controlling SSPS RSC-MLI using another
SMC. The performance of the system under wide variations of insolation levels is verified
in MATLAB and further validated in hardware-in-the-loop OPAL-RT controller.

power applications. In recent times, a large number of reduced
switch count (RSC) MLI topologies have been introduced to

Integration of large-scale photovoltaic (PV) power with the
grid through two-level inverters is an ineffective process as
the switches have limited voltage and current ratings and also
require high values of filters. Multilevel inverters (MLIs) ate
a better choice in order to minimize the disadvantages. This
is because they offer low dz/dz low electromagnetic interfer-
ence (EMI), low total harmonic distortion (THD) and hence
apparently decrease the weight and size of filter components.
Amongst all conventional MLIs [1], cascaded H-bridge (CHB)
MLI has gained greater prominence in applications such as grid
interfacing of PV systems, because, it is modular structure and
consists of separate dc sources for each H-bridge module. How-
ever, the requirement of a large number of switches at higher
levels has led to an increase in system complexity, losses, size and
cost. The demerits of CHB discourage its application in high-

reduce the number of switching devices for a given number of
levels compared to CHB MLI. Hence, it is necessary to choose
an alternate topology for CHB MLI by reviewing the recently
introduced RSC-MLI for grid tied PV based applications.

An overview of various topological structures of RSC-MLIs
is presented in [2, 3]. Among which, T-type RSC based MLI
reported in [4] has a significant reduction in power semicon-
ductor devices compared to conventional MLIs. However, this
configuration requires bidirectional switches with different volt-
age ratings and equal load sharing among the dc sources, which
is not possible. Another topology, in which ‘sources are con-
nected in series through switches’ (SCSS), is reported in [5].
This topology is highly modular in structure and the highest
rated switches can be operated at fundamental frequency. On
the other hand, equal load sharing and asymmetry in sources is
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not possible and switches have different voltage ratings which
makes load shatring even more difficult. The topology which is
introduced in [6] consists of all bidirectional switches so that the
number of gate driver circuits can be reduced. However, equal
load sharing of sources is not possible and the highest voltage
rating switches operate at switching frequency. The topologies
presented in [7-9] consist of single input dc source. Further,
MLI [7] affords the benefit of peak reverse voltages present
across all the switches which is equal to dc input voltage. How-
ever, the adoption of asymmetric PV sources to these topolo-
gies of [7-9] is not possible. The topology presented in [10] and
‘reversing voltage’ (RV) modular MLI topology [11] have the
feature of common dc input for three-phase realization, thereby
allowing saving in terms of input dc sources. Nevertheless, the
asymmetric nature in voltage sources and equal load sharing
is not possible with this topology [11]. Another topology pre-
sented in [12] requites fewer switch count, fewer dc sources
and it reduces the number of ON state switches with reduction
in the number of gate driver involvement. The cascaded ‘half-
bridge based multilevel dc-link” (MLDCL) MLI presented in [13,
14] is simple and highly modular in its structure, which requires
unidirectional switches only, and the high rating switches oper-
ate at fundamental frequency. Another topology with ‘switched
series/parallel sources’ (SSPS) MLI [15] has related advantages
of MLDCL MLI. SSPS and MLDCL MLIs can overcome most
of the drawbacks that exist in the above mentioned topologies.
Morteovert, the requirement of isolated dc sources and low con-
trol complexity, makes these, an ideal candidate for grid con-
nected distributed power generation applications. Hence, SSPS
and MLDCL RSC-MLIs are viable alternatives to CHB MLI for
converting dc to ac in grid tied PV based systems.

The grid interfacing of PV systems through conventional
CHB MLI with appreciable control objectives is discussed in
[16—22]. In order to achieve the objectives, the conventional PI
controllers are adopted in [16-22]. However, MLI based grid
connected PV system is highly complex and non-linear. Practi-
cally, these non-linear systems degrade the performance of lin-
ear PI controllers during parameter changes and operating point
shifting. In particular, obtaining of controlled maximum power
from PV sources using linear PI control during insolation vary-
ing conditions is a critical task [16—22]. Because of fixed gains
of PI controller, it can be tuned for generating maximum power
at a specific range of irradiance level only. For other irradiance
levels, the designed gains of PI controller may not be suitable
to extract accurate maximum power from PV sources. Further,
the highly non-linear grid tied PV system may become unsta-
ble during irradiance and environmental changes, because of
unsuitability of the fixed gain PI controller. Further, the tun-
ing of gains become difficult in case of independent PV power
control of each sources connected to input of each module of
the CHB MLI. Therefore, a large number of PI controllers are
needed to obtain the maximum power from all PV sources.

CHB-MLI based grid tied PV systems proposed in [18,
19] are dual stage systems which include DC-DC converters.
These dual-stage systems are highly non-linear, complex, genet-
ate heavy losses, and are expensive compared to single stage sys-
tems. Hence, the process of extraction of maximum power from

PV soutce of each dual-stage H-bridge module of CHB MLI,
and the process supply of PV power into the grid through con-
trolled MLI has become cumbersome process by using a large
number of PI controllers. Moreover, the demerits of CHB MLI
discourage its use in high-power applications. To minimise these
problems, the existing CHB MLI based grid interfaced PV sys-
tem under linear PI controller is needed to be replaced with a
suitable RSC MLI based grid connected PV system under the
control of a robust non-linear controller.

Hence, for obtaining accurate desired power from PV
sources and feeding it into grid, it is compulsory to lin-
eatize both non-linear photovoltaic system and non-linear MLI
based grid connected system. For this, an effective linearization
scheme and a robust control mechanism is needed which must
be insensitive to irradiance changes, system operating point
changes and uncertainties. One of such linearization method is
feed-back linearization and non-linear robust control scheme is
sliding mode control (SMC). The control of two-level inverter
based grid system using SMC under various operating points
and system parameter changes is reported in [23, 24]. Nev-
ertheless, extraction of maximum power in single-stage MLI
based grid tied PV system using SMC is not yet presented. Con-
trol of PV power using other various controllers such as neu-
ral network control and fuzzy logic control are developed for
dual-stage and single-stage two-level inverter based grid sys-
tems in [25-28]. However, the implementation of SMC for
PV power extraction is easier than fuzzy and neural network
controllers.

Therefore, the main objective of this paper is adoption of
SMCs for both extraction and supplying of photovoltaic power
to the grid through suitable RSC MLI In order to choose
superior RSC MLI, a comprehensive comparative analysis has
been carried out among eleven-level asymmetric CHB MLI,
MLDCL and SSPS RSC MLIs by considering various factors
such as device count, blocking voltages, operating frequency of
switches, rating of switching devices and utilization of input
sources. Based on this, an asymmetrical 11 kV three-phase
eleven-level SSPS MLI is chosen for grid integration of single-
stage PV system. To demonstrate even power sharing among
PV sources, asymmetrical sources with 1:2:2 ratio is consid-
ered. For achieving maximum power from PV sources, an effec-
tive feed-back linearized scheme and a robust SMC is estab-
lished. In this process, a common SMC based maximum power
point track (MPPT) controller is implemented for obtaining
maximum PV power from each group of the same rated PV
sources of three-phase SSPS topology. Further, the PV power
extracted is supplied to the grid through controlled SSPS MLI
using another SMC. The superior performance of the estab-
lished SMC is confirmed against the conventional PI for provid-
ing the desired PV powers under various irradiance levels and
disturbances using MATLAB and in HIL real-time platforms.
Further, the even power sharing among PV sources of SSPS
MLI and accurate desited power obtained from all PV genera-
tors using designed SMC scheme is verified for wide vatiations
of irradiance levels in simulation environment and further the
results are confirmed in real-time environment using OPAL-RT
[29] modules.
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FIGURE 1 Grid connected PV based MLI system layout

The rest of the paper is organized as follows. Section 2
describes an outline of the proposed closed-loop system. The
topological structure and comparative analysis between CHB,
MLDCL and SSPS RSC-MLIs is discussed in Section 3. Modu-
lar improvements of SSPS MLI are discussed in Section 4. Lin-
earization of both PV system and MLI based grid connected
system is described in Section 5. Application of SMC for gen-
erating and supplying of maximum power from PV source into
the grid through SSPS MLI is analyzed in Section 6. Simula-
tion studies and their validation in real-time environment ate
reported in Section 7.

2 | OVERVIEW OF THE PROPOSED
SYSTEM MODEL

The schematic view of a closed-loop control system which
includes grid connected RSC-MLI with PV source as input is
shown in Figure 1. For obtaining the maximum power of PV
sources, the I}, generated from MPPT algorithm is given to
SMC. The output of SMC is controlled maximum power (P,.f)
of PV soutces for a given irradiance level. The supply of PV
power (P into the grid is supported by controlling RSC-MLI
using another SMC, which generates the reference modulating
signals for implementing PWM scheme of MLI, as presented in
Figure 1.

3 | RSC-MLI TOPOLOGIES

Among existing RSC-MLI configurations in the literature,
MLDCL [13] and SSPS [15] MLIs are dominant topologies for
grid integration of PV based applications. These topologies not
only require reduced number of switch count but also they are
highly modular in their structure and offer the following struc-
tural benefits.

1. There is a possibility to connect asymmetrical PV sources to
further reduce switch count.

2. The structures of MLDCL MLI and SSPS MLI allow even
power issue between equal rating PV sources [2]. Therefore,
a single maximum PV power generating control strategy

can be applied for multiple same rating PV soutces, thereby
reducing the control complications.

3. Due to series/parallel connection of dc voltage sources in
SSPS MLI, all input dc sources are utilised in most of the
voltage levels. Therefore,

4. Udlisation factor (UF) of input dc sources of this topology is
more compared to UF in conventional CHB MLI and other
RSC MLIs.

5. Further, the highest rating switches in polarity generator of
MLDCL and SSPS MLI as shown in Figure 2(b,c) are oper-
ating at fundamental frequency. This will reduce switching
losses. Whereas in CHB MLI, shown Figure 2(a), all the
switches operate at switching frequency.

Owing to these reasons, MLDCL and SSPS RSC-MLIs have
the potential to be viable alternative to CHB MLI. To fur-
ther identify a superior topology for adopting PV application, a
comprehensive comparison is presented among CHB, MLDCL
and SSPS topologies. For this comparison, 11-level inverters are
considered with PV source voltage in the ratio of 1: 2: 2, shown
in Figure 2.

3.1 | Single-phase 11-level asymmetric SSPS
MLI and asymmetric MLDCL MLI

The structure of eleven-level asymmetric CHB MLI is shown in
Figure 2(a). The structute of eleven-level asymmetric MLLDCL
topology [13] is shown in Figure 2(b), and is divided into level
generator and polarity generator. The first one is responsible
for producing uni-polar voltage while the latter has H-bridge in
each phase with switches operating at fundamental frequency
and this converts uni-polar voltage into bipolar. In Figure 2(b),
level generation structure can be configured by cascading three
half-bridge modules and each bridge module consists of a PV
source.

Figure 2(c) shows the single-phase asymmetric eleven-
level SSPS MLI which consists of upper and lower parts.
The lower part consist of a modular structure with soutces
PVy, = PV,, = 21/,.. In order to obtain more voltage levels, a
H-bridge (upper part) with source PV, = /3. is in cascade con-
nection with lower/modular part. The specific feature of SSPS
MLI is that different levels in the output voltage can be attained
by series/parallel connection of PV sources. This will enable the
topology to contribute power to the grid from all PV sources at
all voltage levels. Therefore, the utilization of sources of SSPS
MLI is more related to other MLI topologies in which all the
sources are connected only at peak level of output voltage.

3.2 | Comparative analysis among 11-level
asymmetric CHB, MLDCL and SSPS MLIs

The comparative study among the conventional CHB MLI
and RSC-MLIs is done by critically comparing different fac-
tors which would be helpful in finding superior topology for
PV application.
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3.2.1 | Switch count

In asymmetric CHB MLI shown in Figure 2(a), the number
of switches required for phase to generate 11-levels in out-
put phase-voltage is 12, whereas in asymmetric SSPS MLI and
MLDCL ML, the switch count is 11 and 10 respectively. Hence
in order to obtain voltage levels in the output voltage, more
number of switches should conduct in CHB compared to SSPS
and MLDCL MLI. For example, the number of switches in con-
duction for obtaining 31/ voltage level of eleven-level output
voltage of CHB, MLDCL and SSPS MLIs shown in Figure 2 are
6, 5, and 5 respectively. Hence, conduction losses in CHB MLI
are more compared to SSPS and MLDCL MLIs. The losses are
highly considerable if the number of voltage levels increases in
the output voltage.

3.2.2 |
MLIS

Utilization factor of DC sources in

In order to estimate the active use of dc sources in MLI, a
parameter UF is introduced. If “X}” is the number of dc sources
connected to MLI for obtaining specific level (7) in output volt-
age of MLI: /V is the number of phase voltage levels and ‘AL is
the number of dc sources, the UF is determined as:

Sum of the number of voltage source
connected to MLI at each phase voltage level

UF =
Total number of phase voltage level
X M
total number of source of the MLI
n
UF = 2

T NXM

Eleven-level asymmetric (PVy, = PV,, = 217, and PV, = 1/4.) CHB and RSC-MLI topologies. (a) CHB MLI (b) MLDCL MLI (c) SSPS MLI

TABLE 1 PV sources connected to MLI at each voltage level for 11-level
asymmetric SSPS and MLLDCL (or) CHB MLIs with PV, = PV,, = 217,
and PV, = T

Phase No. of Connected dc
voltage No. of Connected sources in CHB (or)
level dc sources in SSPS MLDCL

+51%c PVy,, PVa,, PVo, (3) PVy,, PVa,, PVe, (3)
+414c PVi,, PV, (2) PVi,, PVa, (2)

+3 V4 PVi4, PV, Vi, (3) PVi,, PVy,, PV, (3)
+2Vc PVi,, PV, (2) PV, (1)

+ e PV, PVa,, PV, (3) PVi,, PV, (2

0 0 0

~Viac PVy,, PVa,, PV, (3) PVy,, PV, 2)
~2V; PV, PV, PV, (1)

=31 PVi,, PVa,, PVo, 3) PVy,, PVa,, PVe, (3)
—4T PVy,, PV, (2) PV, PVs,
=514 PV, PV, PV, (3) PV, PV, PV, (3)

Table 1 shows the number of dc sources connected for gen-
erating a specific level in output phase voltage of the considered
MLIs. The UFs of DC sources of 11-level considered MLIs can
be calculated using Equation (1) and Table 1. From Table 1, it
is observed that the number of dc sources connected to CHB
and MLDCL are the same at every voltage level. Hence, UFs of
CHB and MLDCL MLI are equal. The UFs of DC sources of
11-level and 19-level asymmetric CHB MLI, MLDCL MLI, and
SSPS MLI are presented in Table 2.

From Table 2, it is observed that the UF of SSPS MLI is sig-
nificantly higher compared to the same level CHB and MLDCL.
Higher utilization of input sources allows the inverter to genet-
ate more power in applications such as PV.
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TABLE 2  Utilization factor (UF) of 11- and 19-level asymmetric TABLE 3  Operating frequencies of various switches of asymmetric
MLDCL (or) CHB and SSPS RSC-MLI topologies MLDCL and SSPS MLI
Phase-voltage UF of MLDCL SSPS MLI MLDCL MLI
levels UF of SSPS (or) CHB MLI
Operating Operating
1 0.866 0.6 Switches frequency Switches frequency
1 911 0.644
’ . " Se1, 8,150 % None
S5, 865 7, Sg Je $1,82,83,84,85,8¢ [
. S1582, 83, 84 Jm Hy, Hp, Hj, Hy Jm
3.2.3 | Current rating of DC sources and

switches

In order to record the currents delivered by each dc source in
the considered inverters, a simulation study is performed. In
this study, the dc voltages selected are 1600, 3200, and 3200 V.
Figures 3(a) and 3(b) show the current waveforms of each DC
sources in eleven-level asymmetric MLDCL MLI and SSPS MLI
respectively for a resistive load of 0.8 MW /Ph. Since utilization
of dc sources of both CHB and MLDCL MLIs is equal, the peak
currents delivered from their dc sources are same. Hence, the
waveform of currents passing through dc sources of MLDCL
MLI shown in Figure 3(a) are valid for currents of de sources in
CHB MLIL

From Figure 3 it can be observed that the peak value of the
current waveforms of the DC sources in CHB and MLDCL
is nearly double that of the peak value of current waveforms
of DC sources in SSPS inverter. Therefore, for a given num-
ber of voltage levels, phase-voltage value and power rating, the
switches and dc sources in SSPS inverter require lower current
ratings compared to CHB and MLDCL.

3.2.4 | Operating frequency of the switches

Table 3 shows the operating frequency of each switch in SSPS
and MLDCL MLIs of Figure 2. Here, f. and f, are carrier and
modulating signal frequencies respectively. From Table 3, it is
clear that more switches in 11-level asymmetric MLDCL MLI
are operating at carrier frequency compared to SSPS. Therefore,

switching losses in asymmetric MLDCL are more compared to
that in SSPS. In case of CHB MLI shown in Figure 2(a), all the

Idc (amps)
h 5 ;
X223
é

23 231 232 2.33 2.34 235 2.36 237 2.38 2.39 24
Current of the 1600V DC Voltage source

~150 l!mr (sec)

Ide (amps

23 2.;31 2.;12 2.;"3 2.3!4 Z.;?S 2.36 Z.;17 2.38 2.39 24
Current of the 3200V DC Voltage source Time (sec)

150
100} 1
50~
0
-50
2

3 2.31 232 233 2.34 2.35 2.36 2.37 2.38 2.39 24
Current of the 3200V DC Voltage source

Ide (amps)

Time (sec)

a

FIGURE 3
Currents passing through DC voltage source of SSPS MLI

switches operate at carrier frequency. Hence, switching losses of
CHB MLI are higher compared to MLDCL and SSPS MLIL

3.2.5 | Total blocking voltage of an inverter
For asymmetric PV sources (15t 2V 217.) shown in Fig-
ure 2, the ‘total blocking voltage [2]” of CHB MLI, SSPS MLI
and MLDCL MLI are 2017, 2617, and 3017, respectively.
Therefore, an 11-level asymmetric SSPS MLI has lower block-
ing voltage compared to MLDCL MLI, which in turn reduces
the cost.

From the above five factors, it is concluded that asymmet-
ric SSPS RSC MLI is optimised superior to both CHB MLI and
MLDCL RSC MLI, especially in device switching frequency, uti-
lization of dc sources and current rating of switches. In view of
this, SSPS MLI is considered for grid interfaced PV system and
discussed hereafter.

4 | MODULAR IMPROVEMENTS OF
SSPS RSC MLI FOR EASY
IMPLEMENTATION OF PV POWER
EXTRACTION CONTROL STRATEGY

The modular improvements of the SSPS RSC MLI is possible
by increasing the number of equal rated sources in the modular
structure of the SSPS MLI as shown in Figure 4. The number
of sources in this modular structure is either odd or even in

> 100

2.31 2.32 233 234 235 236 237 238 239 24
('urrr_nl ofthevl(ao(n' I)(' \‘ollagc source 'l'i!llt (sec)

Ide (amps)

'
=

~e

w

2
S

Idc (amps)
n
= =

23 231 2.32 2.33 234 235 236 237 238 239 24
Current of lhq 3200V DC \'nlm_gc source 'l'imc (sec)

S

1~
~
i

Idc (amps)
n
NS S

23 233 234 235 2.36 237 2.38 239 24
Current of the 3200V DC Voltage source Time (sec)

b

The currents passing through each dc source of MLDCL and SSPS MLIs. (a) Currents passing through DC voltage source of MLDCL MLI. (b)
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FIGURE 4  Generalised structure of asymmetric SSPS MLI

number. The feasibility of power extraction control method for
odd and even number of PV sources is discussed below.

4.1 | Odd number of equal rated PV sources
is connected

In the modular part of the asymmetric (i.e. input dc voltage ratio
of 1:2:2) SSPS MLI of Figure 4, if odd number of 2 V rated
PV sources will connect then there exist lack of redundancies
for generating the output voltage levels. Because of the lack of
redundancies, the average current passing through all 2 V rated
PV sources is not equal therefore, it is not possible to imple-
ment a common MPPT control for all 2 V rated PV sources.
Thus, it necessitates individual MPPT controllers which leads
to increased control complexity. The modular structure of SSPS
MLI with three PV sources is shown in Figure 5(a). The gen-
eration of voltage levels from this modular structure and aver-
age current passing through PV, PV, and PVj; sources of Fig-
ure 5(a) at every voltage levels are given in Table 4. From Fig-
ure 5(a) and Table 4 it is observed that even though PV, PV,
and PV; have equal voltage rating of 2 V, however for gen-
erating 4 V voltage level, the average current passing through
PV, source is lower compared to the average current through
PV, or PV;. Hence, there is a separate power extraction control
method is required for PV, source.

FIGURE 5 Modular improvements of asymmetric SSPS MLI. (a) Odd
number of sources connected to modular structure of SSPS MLI. (b) Even num-
ber of sources connected to modular structure of SSPS MLI

4.2 | Even number of equal rated PV sources
are connected

In the modular part of the asymmetric SSPS MLI of Figure 4,
if even number of 2 'V rated PV sources will connect then ade-
quate switching redundancies are developed. Because of these
redundancies, the average current passing through all 2 V rated
PV sources is equal and therefore, a common control strategy
can be implemented for all 2 V rated PV sources, thereby reduc-
ing control complexity. The modular structure of SSPS MLI
with four PV sources is shown in Figure 5(b). The generation of
voltage levels from this modular structure and average current
passing through PV; PV,, PV; and PV, sources of Figure 5(b)
at every voltage levels is given in Table 5. From Figure 5(b) and
Table 5, it is observed that the average current passing through
these equal rated PV soutrces is equal at all voltage levels. Hence,
a common control strategy can be applied for desired PV power
extraction form PV PV,, PV; and PV, sources with ease.

TABLE 4  Generation of voltage levels form odd number of 2 V rated PV soutces connected in modular structure of SSPS MLI

Voltage
levels Connection of PV sources for generating output voltage level Average current passing through all 2 'V’ rated PV sources
6V PV, PV, and PV; are connected in series. Equal
4V The parallel connection of PV and PV, is connected in series with PV5. Unequal
(o1) (This is due to the average current passing through PV, is half of
The parallel connection of PV, and PV is connected in series with PV;. the current through PV or PVy).
2V PVy, PV, and PVj are connected in parallel. Equal
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TABLE 5  Generation of voltage levels form even number of 2 V rated PV sources connected in modular structure of SSPS MLI
Voltage Average current passing through
levels Connection of PV sources for generating output voltage level all 2 V’ rated PV Sources
8V PV, PV,, PV; and PV, are connected in series. Equal
6V PVy, PV, and PVj are connected in series and PV is connected in parallel with PV3. Equal

(or)

PV,, PV5 and PV, are connected in series and PV is connected in parallel with PV,.
4V The parallel connection of PV; and PV, is connected in series with the parallel connection Equal

of PV and PV,.

2V PVy, PV,, PV; and PV, are connected in parallel Equal

Note: In Tables 4 and 5, the remaining levels in the output voltage can be obtained by summing the output voltage of upper H-bridge connected in cascade with modular part of SSPS MLI.

IPV\ \Idc=
1.4
4% C Vor
°

FIGURE 6 Photovoltaic source

5 | LINEARIZATION OF PROPOSED PV
BASED GRID CONNECTED SSPS MLI
SYSTEM

This section discusses the input-output linearization method to
develop non-linear controllers for obtaining maximum power
of PV source and for controlling the grid tied SSPS MLI. Once
the linearized mathematical models are developed for non-linear
PV system and for grid connected MLI, a robust SMC scheme
can be designed for obtaining non-linear control quantities.

5.1 | Linearization of non-linear PV generator

The non-linear conversion of PV systems includes the execu-
tion of feedback-linearization control scheme. This technique
can prevent the degraded behaviour of controller due to non-
linearities of the PV system. Additionally, this technique has the
ability to endure the PV system to be controlled for a wide-
ranging of irradiance conditions.

The PV source, shown in Figure 6 with a parallel capacitor C

can be defined in terms of mathematical dynamic Equations (2)

and (3):

[pv + ]c = [dc (2)
dle e 1 1
[pv + CF = [dc or T = _E]pv + E[dc (3)

where /., Z,, and /. are dc-link current, PV current and capac-

itor current respectively.

In order to linearize the PV system, non-linear Equation (3)
has to be linearized by modifying it into standard state space
equation as shown below:

dx,,

= ForC) g () @

The state space representation of the PV source can be real-
ized by rearranging Equation (3) in the form of Equation (4)
with [, as state-variable which results in Equation (5).

X

pv = U/[vn] ”pv = [[dc]
—1 ] ©)

) = [2] St = [T

After linearization, the new system with linearization can be
defined as:

Upv = g;,l ) (/1/37/ - ]ftw(xpz’)) ©)

Equation (0) can also represent in the following form as:
Upv = oy () + By () X Apy) U
where, “pv(xpv) = _gpv_l (va) X fpv (va)aﬁpv (xpv) =
gpv_l (xpy) and 4, is the state vector matrix with d 1/, /dz

pv
as an element that is,

ar, 1!
p‘] ®

T
Ay =4l = [7

Here, the output voltage of PV source is I}, Therefore the
output matrix can be defined as:

Y

I
~

pvl ©)
5.2 | Linearization of non-linear grid tied
MLI system

In order to supply maximum power of all input PV sources
of SSPS MLI into the grid, the three-phase SSPS MLI should
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be efficiently controlled for wide variations in irradiance con-
ditions. However, grid tied MLI based system is highly nonlin-
ear which affects the performance of the controller. It is neces-
sary to develop a dynamic model of MLI based grid system for
converting non-linear system into linear system. The non-linear
transformation of the MLI based grid system involves feedback
linearization scheme in which output is forced to follow input
in a closed-loop manner.

The dynamic equation between SSPS MLI and grid in d—¢
frame of reference [23] is:

_ didg )

Viiny = Relag = Li—7~ + wleigy = Vog =0 (10)
. dig, .

T/qinv - Rflqg - Lf? - WL{ng - T/':lg = 0 (11)

wherte, Vginy, Viiny are inverter voltages, 7o, 7go and Vo, 17

are grid currents and voltages respectively.

g
Consider the standatd state space equation below:

dxinv

dz = finv (X) +gim'(x)”inv (12)

The non-linear and coupled MLI based grid system can
be converted to linear and decoupled system by transform-
ing Equations (10) and (11) in the form of state space Equa-
tion (12).Thus, the system matrix, input matrix, variable matrix,
and control input matrix obtained are given below.

© R, Xs. 1
— gt g — T Vg i
- _ L¢ L L X = dg
j;nv(x) - R . Xt 1 e - ;
——dy,— — i3, — — V., qag
1,98 s T e

Lo
7 V;]'n'
Zinv (%) = Of 1 Upny = |:T/l X

After linearization, the system can be represented for obtain-
ing inverter control input U, as:

[Jinv = (_ginv_l (X) X finv (X» + (ginv_l (X) X Aim‘)
(or)
[Jimf = Riny (X) + 5inv (X)linv (1 4)

whete, 4,,, is state vector matrix and is represented as:

dig, di, 17
Ainy = [A11 41217 = [f ?] (15)

In the proposed grid tied MLI system, the output states are
considered as:

Xn\f = [j(ig Z.qg ] ! (1 6)

6 | APPLICATION OF SLIDING MODE
CONTROL AND FORMULATION

Sliding mode control [23, 24] is a robust control scheme and
it can be tested for the control of non-linear and linear sys-
tems. Because of its infinite gain, it overrides the errors accom-
plice with system uncertainties, parameter changes and opet-
ating point shifting in the system. In this control scheme, the
state of the system is turned out toward the sliding surface
and alternated up to equilibrium point. The sliding surface and
switching do not depend on the converter dynamics, operat-
ing point and circuit parameters. In this paper, SMC scheme is
adopted to detive new 4, 4;,, and consequently U, and U
in Equations (7) and (14) respectively for achieving controlled

nv

PV power and for control of grid tied MLI respectively.

6.1 | Design of SMC for maximum power
control of PV system

6.1.1 | Formation of sliding surface and
concept of stability

The state vector matrix, 4, obtained in linearization procedure
of PV system is the input of SMC and it is going to adjust
from old to new state vector as far as the actual value of vari-
able quantity reaches reference value. The output from SMC is
reference control U, (2), that is, Jjc..r Which is important for
generating maximum power from PV source. U, (?) is a com-
bination of switching control and equivalent control as shown
in Equation (17). Equivalent control can be attained from the
procedure of system linearization whereas switching function is
responsible for the procedure of nullifying the errors in output
states.

Upv(0) = Ueq() + Usy = Uyq (1) + £sign(0y) - (17)
where £ is a positive constant value and 0, is the sliding surface.
In order to achieve appropriate operation of the controller, it
is needed to control sliding surface. There is only one sliding
surface (07), because Equation (9) has only one output state.

The error in the output (17,,) is chosen as sliding surface and is
defined in Equation (18) as a function of error.

Gpv = error = (T/px - T/pvrcf) (1 8)
The state of the PV source is directed by SMC near to the
equilibrium condition and it is attained by analysing Lyapunov

approach given below:

1
va = Eo-pvz (19)

According to Lyapunov stability theorem, PV system
is asymptotically stable if /., is positive definite and its
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FIGURE 7 Realisation of maximum power from PV source using SMC

differentiation that is, deV/ dtis a negative definite.

. dLPV -7
1.e. T = (C)'pV X Gp\’) <0 (20)

To correlate the above condition, (0p,, X dPTV) < 0,0, canbe
represented as £.sign(0,,).-
Le. 0, = —k.sign(0p,) (21)

In spite of that, the controller adaptation is highly chattering
due to the ‘sign’ function and it is a hard shifting function. In
order to strengthen the controller execution without chattering
and for continuous switching, a hyperbolic tangent: tan 4’ func-
tion [23] is chosen in this paper.

Hence, according to the newly considered ‘tan 4’ soft switch-
ing function, Equation (21) is transforms to:

Opy = —k.tan /(0p,) (22)

Substituting Equation (18) in Equation (22),

dp\' = —k.tan /7(va - varcf) (23)
With the attained new dynamics using SMC, the state vector
of PV system can be reframed as:
/‘lpv—new = [/111] = [_/é tan b(I/p\ - varef)] @24
Where /¢ can be attained from P and O MPPT [24]
control algorithm. Realization of Zj.s and subsequently the
required maximum power from PV source using developed
SMC is shown in Figure 7. This control technique is imple-

mented for generation of maximum power from all input PV
sources of the three-phase SSPS MLI.

6.2 | Design of SMC for control of grid
connected SSPS MLI

6.2.1 |
stability

Characterization of sliding surface and

Feedback linearization of grid tied MLI system provides state
vectots 11 and A, as given in Equation (15). In this section

SMC is applied to attained new 4;; and 4, and consequently
new control inputs 1, and 17, for control of SSPS MLL
Hence, the output of SMC is new control input U, (4 which
is a union of switching control and equivalent control. Equiva-
lent control can be attained from the procedure of system lin-
earization as discussed in section 5.2 while switching control is
responsible to keep the state trajectories on the sliding surface
and nullify the error in output states. U, (#) can be represented
as similar to Equation (17):

Uy (1) = Ueq(t) + Usy = Ugq(#) + p-5180(Tiny) (25)

In order to force instantaneous states to sliding modes by the
control input, it is essential to determine proper sliding surface
(Ciny)- Here, two sliding sutfaces, namely 07;,, and 0y;,, can be
defined in this system, since Equation (16) has two output states.
The errors in the output states, g, and 7., are chosen as sliding
surfaces 07y, and 0y, respectively.

Therefore, 0, = [O’ linv O zmv] (26)

where Oy, = €] = igg — fgeer and

O2iny = ¢12 = lqg — Z.qrcf (27)

In order to drive the system towards the equilibrium point,
the necessary conditions can be obtained by considering Lya-
punov approach as:

1
2
L= =Oiny
nv 2 1nv

L, 28)
According to Lyapunov stability theorem, in order to main-
tain the system to asymptotically stable, 7, should be positive

definite and its derivative (dZ,,/d?) is a negative definite. that

dLim‘ _ T
S, ? - (O-inv X Uinv) <0
In order to satisfy the above condition, (0;,, X dgw) <0, Gy
can be represented as 0.5ign(Cyy)-
Le. o.'irw = _p'Sign(o-inv) (29)

Since ‘sign’ function is a hard switching one which affects the
controller performance, so that ‘tan /4 function (soft switching
function) is used to improve the performance of the controller
without chattering;

Hence Equation (29) is modified as:

dinv = —p.tan b(oinv) (30)

i'e'o"lim' = —p1.tan b(o'linv) and d2inv = —P2.tan b(GZinV*)
Substituting Equation (27) in Equation (30),

o.'linv = —p;-tan b(l.drr - idref)
[=]

. . . 31
O2iny = —P2- tﬁlﬂh(lqg - qucf) ( )
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SMC for vagrer

Equation
@3)

FIGURE 8

Generation of inverter reference voltages using SMC
The new dynamic state vector matrix can be framed as:

Ainv—new — |:/111ncw:| — [_pl' tan b(zdg — lgref) (32)

/112new —p2. tan b(zqg - Z.qref)

where p; and p, are constants. The references Zqeer and ige.f can
be obtained from the following standard equations:

; _ pqgaQrcf + pdgjjrcf
dref — P P
v dg + Vyg

. pqgjgrcf -7, [{g,Qrcf
g = E 2 3
+ 25

and

dg

where P is the sum of maximum powers of all input PV
sources of three-phase SSPS MLI. In this papet, O, is con-
sidered as zero. The schematic representation of the above pro-
cedure for generation of control input U, and subsequently
modulating signals for closed-loop operation of SSPS MLI is
shown in Figure 8.

Figure 9 shows the schematic view of implementation of
SMCs for both generation of desired power from input PV
sources of three-phase SSPS MLI and feeding maximum power
to the 11 kV grid by controlling MLI. As the considered three-
phase asymmetric configuration shown in Figure 9 consists of
PV sources PV and PV, with equal /-1 characteristics and
Lyt = Iyy2, a common SMC based MPPT control strategy can

P
be employed for both PV; and PV, sources as shown in Fig-

ure 9. Hence the control complexity is reduced. The other PV
source (i.e. PV() is regulated by another SMC based MPPT
scheme, because it has half of the /-~ ratings of PV, and PV,.
In three-phase SSPS MLI, there are three PV, sources in upper
part and six sources (i.e. three PV; and three PV,) in lower
(modular) part. Therefore, for extracting the maximum power
from all six PV sources of the modular part of three-phase SSPS
MLI, the power of single PV, source is multiplied by six. Simi-
larly, the power of single PV, source is multiplied by three. The
total PV power is the sum of the powers of six PV; (or PV,)
sources and three PV, sources and it is considered as P, to
the second SMC strategy which will control SSPS MLI to inject
power, P,.¢ into the grid as shown in Figure 9.

7 | ANALYSIS OF RESULTS

In this section, the necessity of SMC is discussed by compar-
ing its superior performance with the degraded performance of
conventional PI control for PV power extraction under irradi-
ance varying conditions. The robustness of SMC under grid fre-
quency variations is discussed. Further, the power generation
capabilities of asymmetric PV sources of three-phase 11-level
SSPS MLI under the control of established SMC scheme is veri-
fied at various irradiance conditions. The analysis of results with
regard to superior performance of SMC, generation and sup-
plying of maximum PV power to the grid has been discussed in
both MATLAB/Simulink and OPAL-RT based real-time envi-
ronments.

7.1 | MATLAB/Simulink based results

The validation of established SMC for PV power generation
is discussed by considering PV sources PV, PV, and PV, of
SSPS MLI with MPPT voltages of 3200, 3200, and 1600 V at

Vabc, ref

dq | Veref| Equation
PWM GENERATOR
abc Vares| (14) & (32)
Vdclre I
- _ Idclref Equation 3 MPPT'_ PVI-average
........... iy (7) & (24) y, N
PULSES ¢ + + T Veviaverage
tdref l
Phase A Equation
(33)
Vdg I qug Vchre/ 1
dq Equation X MPPT rve
(7) & (24) v
abc \ | Vi
vabcI Ilabc
L,
~ § pnw
~ = ||L, R,
v S M
S 3
= =
:§ | L, R
Grid
V(dg)inv Vagigria  1000MVA, 11kV ,50Hz

FIGURE 9

Adoption of SMC for injection and extraction of PV power into three-phase 11 kV grid through SSPS MLI
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TABLE 6  System parameters

Parameter Value
Grid voltage, Vg 11 kV
Grid frequency, 50 Hz
Capacitor across PV panel, C 0.01 F
Filter inductance, Z¢ 50 mH
Filter resistance, R¢ 0.2Q
Switching frequency, f; 5kHz
Sampling time, 7 50 us

Base power 1 MVA
Short-circuit MVA 1000 MVA
Sliding mode parameters £, o1 and P, 11, 3,and 3

150,000 T S e T e
—A. Ppv = 1.4568¢S W, Vpv=3234V at 120%
2 125,000 —B. Ppy = 1.1997¢S W, Vpy =3200 V at 100%
2 “CPpy=LOTS W, Vpv=3180Vat90%
= 100,000 TTTDLPpyv= 0.91&’5’“:__"5_5__-_—3133"_{(__80‘/; ___ [ ~
z ——E.Ppv=0.6955W, Vpv=3085Vai 60%
= 75,000 - T
i PR S SRS IR
3
£ 50,000
-
o
- 25,000 -

0 = — 1 — 1 —L — FEEERS
0 500 1000 1500 2000 2500 3000
Voltage (V)

3500 4000
FIGURE 10 P-1"characteristics curves of the PV source

an irradiance of 1000 W/m? respectively. The parameters used
in the simulation study are given in Table 6.

The PV characteristics curve of PV, or PV, is shown in Fig-
ure 10. Points A, B, C, D, and E on the PV characteristics curves
in Figure 10 represent the maximum powers and corresponding
voltages of PV, or PV, source at irradiance of 1200, 1000, 900,
800, and 600 W /m? respectively. In this paper, 1000 W/m? is
considered as 100% of irradiance. Figures 11 and 12 represent
the phase voltage of 11-level SSPS MLI and its THD spectrum
respectively. In Figure 12, the applied switching frequency for
hybrid PWM method is f; = 5 kHz. In this PWM method, the
authors were implemented with two phase-shifted carrier wave-
forms (unipolar PWM method). Hence, the dominant harmon-
ics exist around the harmonic order of 2, that is, 200.

x104 ]

Phase voltage (Volts)
=

5 5.005 5.01 5.015 5.02 5.025 5.03 5.035 5.04
Time (s)

FIGURE 11  Phase voltage waveform of the 11-level SSPS MLI

5 T T T T T
THD=11.93%

Mag (% of Fundamental)

200 250

100 150
Harmonic order

FIGURE 12 THD of eleven level output phase-voltage
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3
£
2 011+ 1
b
Fa 90%
-5
s
= 0.105
o
E
)
0.1 : : ’
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FIGURE 13 Maximum power delivery performance of PI and SMC dur-
ing insolation varying from 90% to 95%

7.1.1 | Superior performance of SMC over PI
controller under irradiance varying conditions

The PI controller is tuned to obtain the desired maximum PV
power at a specific irradiance conditions. However, under wide
variations in irradiance levels, the same prior tuned parameters
of PI controller may not produce a satisfactory response. On the
other hand, the parameter of the SMC controller is self -adjusted
to produce improved performance under wide variations in irra-
diance levels. This can be understood by observing Figures 13
and 14, which represent the maximum power responses of PV,
source of SSPS MLI using PI and SMC controllers. From Fig-
ure 13, it can be observed that whenever the irradiance slightly
changes from 90% to 95% (i.e. 900-950 W/m?), the perfor-
mance of PI is as similar to that of SMC. Further, none of the
controllers produce in any over/undershoots. Hence, both PI
and SMC reveal very good performance. However, for a wide

;0.]6 -~ Maximum power of PV1 using SMC |
0.4 ____f_—LL"— ‘ —Maximum power of PV1 using Pl
] 100%
E 0 lz 90"
2 0 we / L,_w‘_{—'
- 014 b
Z 0.08 - ux_l\,\' o2 \ e 1
& . 60% |
<0.06 008 01 _\/‘—
; 395 ® 05 4
E 0'04 b oes
- 595 60 605 6l
0.02 :

10 20 30 40 50 60 70 80 90
Time (s)

FIGURE 14 Maximum PV power control using PT and SMC for wide vari-
ations of irradiance levels
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FIGURE 15 Grid power under step change in frequency using PI con-
troller and SMC

variation of irradiance levels (say, 120% to 80%), the same PI
controller delivers power with high over/undershoots as shown
in Figure 14. This is because, PI is a fixed gain controller and its
parameters are tuned only for specific irradiance condition. This
type of performance of PI control may trigger the over current
protection circuit in the system. Therefore it ends up discon-
necting the converter from the system entirely; otherwise, the
switching devices in MLI will get damaged, which leads to dis-
continuity in operation. On the contrary, PV power extraction
using SMC gives a smooth and fast response as shown in Fig-
ure 14. This is due the capability of SMC controller to adapt its
gains according to the distance of the error from the defined
error sliding surface. Therefore, for a wide variation in different
irradiance levels, the SMC exhibits superior performance with-
out over/undershoots in PV power response.

7.1.2 | Robustness of SMC

The robustness of SMC is confirmed by observing the insen-
sitivity of SMC towards the system uncertainties and it is ver-
ified by considering a case of small change in grid frequency
in proposed gtrid connected SSPS MLI system. In order to con-
firm robustness of SMC, its performance is compared with con-
ventional PI controller for controlling the grid connected MLL
Whenever grid frequency is allowed to a continuous variation
from 50 to 50.25 Hz, PI controller offers stringent oscillations
in response of grid power as shown in Figure 15. Whereas the
control of grid connected MLI using SMC, the oscillations in
the power response are very few. Since SMC is a variable gain
controller, it can adjust its gains according to system parame-
ter variations and offers robustness irrespective of the system
uncertainties. It is confirmed by observing Figure 15, which
shows the power response under the control of SMC and PI
during frequency oscillations during 20 to 30s.

7.1.3 | Individual PV powers and
corresponding voltages of PV sources of SSPS
MLI

The maximum powers deliver from PV, and PV, sources
of SSPS MLI at various irradiance levels are shown in Fig-

Time (s)

FIGURE 16 Maximum powers of PV and PV, at different insolation
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FIGURE 17 Voltages of corresponding maximum powers of PV, and
PV, at different irradiance levels

ure 16. Whenever the irradiance is decreased from 120% to
90% at 40 s, the PV and PV, soutces respond quickly to
deliver the maximum power from 145.68 to 107.22 kW under
efficient SMC controller. Beyond 40 s, the solar insolation is
considered as constant till 60 s, hence the PV power out-
put is constant (107.22 kW) as depicted in Figure 16. For
increase of insolation from 90% to 100% at 60 s, the PV power
increases from 107.22 to 119.97 kW within a few cycles. Hence,
under the effective control of established SMC, both PV, and
PV, sources delivered the maximum powers corresponding to
increase or decrease of irradiance. Further, from Figure 16 it
can be observed that SSPS MLI facilitates uniform delivery of
maximum power from both PV, and PV, sources. Hence it
confirms the equal utilisation of PV and PV, sources in SSPS
MLI. The proposed system maintains the stability at each irra-
diance level and generates desired PV powers without steady
state error. Further, in order to examine the satisfactory perfor-
mance of the established SMC control strategy under vatiation
in insolation levels, the output voltages of PV and PV, soutces
are presented in Figure 17. During irradiance levels of 120%,
90%, 100%, 60%, and 80%, the output voltages of PV, and PV,
sources are 3234, 3180, 3200, 3085, and 3134 V respectively as
shown in Figure 17. Theses output voltages are correspond to
maximum powers delivered from PV, and PV, sources, so that
the photovoltaic sources respond correctly according to their
PV characteristics curves as shown in Figure 10. Hence, with
the proposed SMC strategy, both PV; and PV, sources gener-
ate maximum PV powers and their corresponding PV voltages
for wide variations of irradiance levels. This is because, SMC can
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FIGURE 19 Sum of maximum powers of PV sources of three-phase
asymmetric SSPS MLI

adapt its gains according to the error (I,,—,res) and change
in irradiance levels and exhibit extraordinary performance while
providing outputs with very low over/undershoots and settle
within a few cycles. Similarly, the voltage at the corresponding
maximum power of PV, source at various insolation levels can
be observed in Figure 18.

7.1.4 | Total maximum powers of PV sources

Figure 19 shows the sum of the powers extracted from three
PV, three PV, soutces and three PV, sources of three-phase
asymmetric SSPS MLI using common SMC scheme. The total
power of three PV and three PV, sources at insolation levels
of 120%, 90%, 100%, 60%, and 80% is 874.08, 643.32, 719.82,
417.42, and 567.36 kW respectively, as shown in Figure 19. The
total power of three PV and three PV, sources at vatious
irradiance levels is equal to six times the individual maximum
power of PV (or PV,). This ensures that the established com-
mon SMC control scheme accurately tracks the desired maxi-
mum powers from all six equal rated PV sources (i.e. three PV}
and three PV)) at various irradiance levels. Further, whenever
the insolation is decreased from 120% to 90% at 40 s, the net
power of all six PV soutces is decteased quickly from 874.08 to
643.32 kW and this total power is maintained constant till 60 s
since irradiance level (90%) is maintained constant as depicted
in Figure 19. At 60 s, because of increase in irradiance level from
90% to 100%, the total PV power also rapidly increases from
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FIGURE 20 Generated total PV power (£,.f) and grid power (Pg) at vari-
ous irradiance levels

643.32 to 719.82 kW. The quick change in the total PV power
because of irradiance changes is confirmed that the simultane-
ous and quick common control action of the SMC acts on all
equal rated PV sources. A similar observation is recorded for
the total PV power extracted from three PV, sources of three-
phase SSPS MLI under the control of another SMC is shown in
Figure 19. Therefore, the feasibility in common control of max-
imum PV powers of all the same rated PV sources using the
established SMC scheme is verified successfully.

7.1.5 | Grid power

Figure 20 represents the PV power (P.¢) supplied to grid and
grid power (). Supplied PV power is the sum of maximum
powers of all the asymmetric PV sources connected to the three-
phase SSPS MLI. From Figure 20, it can be observed that,
whenever the irradiance is considered as constant at 120%, the
total PV power generated from all PV sources is 1.0926 MW
and it is successfully injected to grid by effective control of SSPS
MLI using SMC. At 40 s, as irradiance is decreased from 120%
to 90%, the total PV power (Pg) also decreases from 1.0926
to 0.8041 MW and the grid power follows exactly the same pat-
tern of P Similatly, when irradiance increases from 90% to
100% at 60 s, the grid power increases from 0.8041 to 0.8917
MW as P, is increased to the same value. Hence, as the irra-
diance changes, P also changes and three-phase SSPS MLI
is controlled by SMC in such a way that the grid power also
changes according to the new P From Figure 20 it can be
concluded that for wide variations in irradiance levels, the total
PV power generated is completely supplied to grid and grid
power (7,) reaching a new steady-state within a few cycles, with-
out over/undershoots. Therefore, the objective of the proposed
closed-loop control system using SMC is achieved in MAT-
LAB/Simulink environment.

7.2 | Real-time validation

The proposed SSPS MLI based grid interfaced PV system under
the control of SMC scheme is vetified in real-time environ-
ment using hardware-in-loop (HIL) setup with two OP4500
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FIGURE 21 Schematic diagram of implementation of proposed system
on OPAL-RT platform
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FIGURE 22 Photograph of implementation of proposed system on
OPAL-RT platform

modules. The schematic diagram and its photograph are shown
in Figures 21 and 22 respectively. In HIL structure, one of the
OPAL-RT modules performs as a plant which includes SSPS
MLI based grid tied PV system. The other module works as
controller for maximum PV power extraction and generates
PWM switching signals for MLI. The sensed signals generated
from plant system are given to controller system which gen-
erates necessary control actions. The communication between
controller and plant systems (i.e. two OP4500 modules) is pro-
cessed through DB-37 connector and this whole setup is known
as hardware-in-loop (HIL) arrangement. The successful exe-
cution of the MLI based grid connected closed-loop control
system in HIL is done by considering the sampling-time as
50 ps. The system parameters considered in HIL platform are
the same as the parameters considered in MATLAB/simulation
case study. HIL results are recorded using digital storage oscil-
loscope (DSO). The PWM strategy is designed in such a way
that the three-phase SSPS MLI generates 11-level output phase-
voltages as shown in Figure 23.

Figure 24 shows the vatiation of maximum PV power of PV,
under the control of SMC and PI during decreasing irradiance
conditions. From Figure 24(a,c) it is evident that whenever the
irradiance is decreasing, PI controller delivers a large overshoot
in PV power with a very large settling time which is not accept-

(X-axns 2 ms/dlv, Y-axis: 2400 V/div).

"|“rlH

1
Izm;xs : l. om0V fre1s24

FIGURE 23  Three-phase voltages of eleven-level SSPS ML

able in real case. This kind of high overshoots can damage the
switching devices of MLI, leading to discontinuous operation
of the system. In order to avoid this, an additional protection
system is required, which leads to a rise in total cost and sys-
tem complexity. On the other hand, the control of PV power
using SMC scheme results in very good response without any
overshoot and settles the new desired PV power within a few
cycles as shown in Figure 24(b,d). In the same way, PI controller
delivers a large undershoot in PV power response as represented
in Figure 25(a,c) during insolation which increases from 100%
to 120% and 60% to 100% respectively. Whereas the control
of PV power using SMC, results in improved response without
undershoot and with faster dynamic response compared to PI
controller and it is confirmed by observing Figure 25(b,d).

The performance of MLI based grid connected system under
the control of SMC scheme and PI controller during grid
frequency variations is presented in Figure 26. While grid fre-
quency is varying continuously, which characterizes modal fre-
quency fluctuations, PI controller causes quite oscillatory pet-
formance with very large oscillations in grid power response
as shown in Figure 26(a). These huge power fluctuations may
activate the protection circuit of MLI. Therefore, the response
of the conventional PI control, which cannot adapt its gains, is
a potential candidate to generate uncertainty in the system by
disconnecting the MLI, which delivers power to the grid. On
the other hand, the system with SMC provides neatly a smooth
power with very few deviations as shown in Figure 26(b), thus
confirming that the inverter remains connected to grid during
the grid frequency variations. Therefore, it can be confirmed
that SSPS-RSC MLI based grid interfaced PV system under
SMC can operate more stably and can overcome the instabilities.

Figure 27 represents the variation of individual maximum
powers of PV, PV, and PV, soutces at various irradiance lev-
els. From Figure 27 it is observed that the individual powers
delivered from PV, PV, and PV, at the consideted irradiance
level of 1000 W/m? are 57.3, 119.97, and 119.97 kW respec-
tively. Hence, the asymmetric sources deliver powers in the ratio
of their voltage levels that is, 1:2:2. Similarly, at other irradi-
ance levels also the PV sources generate the power according
to voltage ratio (i.e. 1:2:2) which can be observed in Figure 27.
Therefore, asymmetric SSPS MLI offers uniform burden on
the PV sources at the considered insolation levels in real-time
environment. Further, Figure 28 shows the voltages which are
corresponding to the maximum power of PV sources at
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various insolation levels. These voltages are also in the ratio of
1:2:2 and contribute to generate an eleven-level output voltage
shown in Figure 23. Therefore, from Figures 27 and 28, it is
confirmed that even though there is a wide variation of insola-
tion levels in HIL based real-time environment, the steady-state
values of individual PV powers and the corresponding voltages

are according to the PV characteristics shown in Figure 10. This
is because; the contribution of SMC is appreciable in realizing
the maximum powers without steady-state error.

Figure 29 represents the total power of three PV, sources,
total power of three PV, and three PV, sources of three-phase
SSPS MLI and grid power (£,). From Figure 29 it can be
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observed that, at the irradiance levels of 120%, 90%, 100%,
60%, and 80%, the total power of three PV, and three PV,
sources are 0.874, 0.6433, 0.7198, 0.4174, and 0.5674 MW
respectively. And these powers are exactly equal to six times the
maximum power of a single PV (or PV,) source at various irra-
diance levels. Hence, it is confirmed that all three PV and three
PV, sources of the three-phase SSPS MLI operate at the desired
maximum power operating point using a common SMC. Simi-
larly, from Figure 29 it can be confirmed that the total power of
three PV, sources of the three-phase SSPS MLI is equal to three
times the maximum power of single PV, source under various
irradiance conditions. Hence, all the PV, sources also operate at
the desired maximum power point using another common SMC
strategy. Hence, the common sliding mode control philosophy
is effective in controlling the maximum PV powers which are

J&m so00v J1z33:0

200 | i

200V Jioas
FIGURE 29  Grid power (Z;), sum of maximum powers of three PV and
three PV, sources and sum of maximum powers of three PV, sources of three-
phase SSPS MLI

extracted from all equal rated PV sources for a wide range of
irradiance levels.

Hence, the established SMC scheme ensures maximum pos-
sible utilisation of PV sources in HIL environment. Further,
from Figure 29 it is observed that, for a considered irradiance of
120%, the total generated maximum power (i.e. 0.8741 MW +
0.2185 MW) from all PV sources (i.e. 3PVy, 3PV,, and 3PV) is
equal to grid power (1.0926 MW). Similarly, for other irradiance
conditions, the total generated maximum PV power is equal
to grid power (7). Since the established SMC schemes used
the feedback linearization technique for deriving /4. and for
control of SSPS MLI, the PV generator quickly and accurately
tracks the new power and it is successfully injected into the grid.
Therefore, from Figures 24-29, it can be concluded that the
closed-loop control of proposed SSPS MLI based grid inter-
faced PV system under designed SMC strategy is satisfactory
for a wide variations of irradiance levels in real-time hardware-
in-loop platform. Similar observation is found in off-line simu-
lation results presented in Section 7.1.

8 | CONCLUSION

In this paper, a comparative analysis was made to select superior
RSC-MLI topology for grid connected PV application. The
chosen SSPS RSC-MLI can be an alternative to conventional
CHB MLI in the application of medium voltage and high PV
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power feeding to grid. This paper confirms the feasibility in
the establishment of non-linear common sliding mode con-
trol scheme for regulation of single-stage PV source during
irradiance changes. This is because of the linearization of the
non-linear PV system using feed-back linearization scheme.
MATLAB/Simulink and real-time results prove that under
wide variations of irradiance conditions, the performance of
SMC is superior to that of PI controller which delivers higher
under/over shoots in the power response. The desired maxi-
mum power tracking from all asymmetric PV sources is possible
under efficient control of common SMC strategy. Further, the
simulation and real-time results thus obtained ensure that total
PV power generated from all input PVs of the three-phase
SSPS topology is successfully injected into grid with ease.
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