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This study investigates a new double-stage single-phase Grid-Connected (GC) Photo-Voltaic (PV) system.
This PV system includes a DC-DC Positive Output Super Lift Luo Converter (POSLLC) and a single-phase
inverter connected to a grid through an RL filter. Due to its advantages, the POSLLC was used between PV
panel and inverter instead of the conventional boost converter. The state space equations of the system were
solved. By using two Sliding Mode Controls (SMCs), PV panel voltage and POSLLC inductor current were
controlled and the designed controls were compared. Two of these SMCs included a simple Sign Function
Control (SFC) and a conventional SMC. To control the power injected into the grid with a unity power factor,
an SMC was used. Perturb and Observe (P&0O) method was employed to reach maximum power of the PV
panel. The Maximum Power Point Tracking (MPPT) control generated the voltage reference of the PV panel.

Similar controls were used for the boost converter instead of POSLLC. The obtained results were compared.

https://doi.org/10.30501/jree.2020.233358.1114

1. INTRODUCTION

Among the available renewable energy resources, PV energy,
which enjoys low cost and government support, is used more
and more every day. Energy harvesting from PV panels is
quite dependent on solar irradiation and temperature.
Elaborate control methods should be used along with
Maximum Power Point Tracking (MPPT) to achieve
maximum power extraction [1].

A PV system can work in the off-grid or on-grid mode [2].
The use of grid-tie or on-grid PV systems is increasing
nowadays [3]. Usually, grid-tie PV systems are characterized
by two stages of conversion [4-5]. Two-stage conversion is
generally required because of the wvery high voltage
conversion ratio [6]. Industry has shown that this topology can
achieve more than 96 % efficiency [7]. In the first stage, a
DC-DC converter is used and, in the second stage, an inverter
is connected to the grid. Failure to apply the DC-DC converter
to the single-phase grid-connected PV system causes some
difficulties such as double-frequency power ripple and
inverter input voltage fluctuations [8]. Recently, the
application of single-phase grid-connected PV systems has
attracted considerable attention because there are many
residential and commercial customers for single-phase grid-
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connected PV systems, which generate extra PV energy for
some hours a day [1]. Such advanced applications require
precise control.

DC-DC converters are applied to many commercial and
industrial equipment. The main objective of these converters
is to ensure high conversion voltage ratio, high efficiency, and
high-power density. To increase the gain of a conventional
DC-DC boost converter in renewable energy applications,
cascade boost converters [9, 10] or double boost converters
are used; however, such topologies are complicated and, thus,
need sophisticated control techniques. In fact, these converters
have many inductors and capacitors (or semiconductor
switches) that promote the order of the system.

Recently, a family of DC-DC converters, called Luo
converters, has received notable attention and one of the most
remarkable DC-DC converters in this family is POSLLC [11-
13]. In fact, there are three types of Luo converter: elementary
circuit, re-lift circuit, and triple-lift circuit. The analysis of
POSLLCs in different operation modes was conducted in [14].
One of the main indices of DC-DC converters is their
efficiency. Vinoth and Ramesh [15] compared the efficiency
rates of Luo and Boost converters in a hybrid grid-connected
topology based on photovoltaic system and permanent magnet
synchronous generator. They found that the efficiency of the
system that used Luo converter was 5 % higher than the
system with a boost converter. Narmadha et al. [16] proposed
a stand-alone PV system based on POSLLC and controlled the
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output voltage. Gnanavadivel et al. [17] incorporated Lou
converter in the AC-DC converter to improve power factor.

Classical linear control is usually used to achieve the control
objectives of GC solar PV systems [18]. Linear controllers are
unable to achieve the desired control objectives at different
operating points, i.e. under fast-changing weather conditions
[19]. In [20], a double-stage PV system using DC-DC Buck
converter was presented. Two-cascade Proportional Resonant
(PR) controllers were used to control the injected current into
the grid. In [21], two PI controllers were employed to control
the current injected to the grid and the panel voltage in a two-
stage system connected to a single-phase utility grid. In [22], a
double-stage PV system using DC-DC boost converter was
presented. Conventional Pl controls were used and a high-
order observer was proposed. Pl and fuzzy control of output
voltage for a POSLLC was presented in [16]. The drawbacks
of these plans include the difficulty of adjusting the
parameters of controllers and the inability of linear controllers
to fast track the voltage reference in the event of a change in
weather conditions. Using nonlinear control can be
advantageous for overcoming the problems associated with
different operating points in GC PV systems [23-26]. There
are different types of current nonlinear control schemes for PV
systems such as SMC [23, 24], feedback linearization control
[25, 27], and backstepping control [28]. Nonlinear control of
output voltage for a POSLLC using an observer-based scheme
was presented in [29]. The nonlinear control proposed in [29]
was characterized by a complicated structure, which made its
tuning difficult. In [30], by using a boost converter in a PV
system, the output voltage was controlled, which is not
suitable for MPPT purposes; moreover, the stabilty of internal
dynamic was not investigated. In [31], a robust backstepping
controller was designed for a buck boost DC-DC converter in
a PV system which has a complicated structure to implement.
In [32], the control of a stand-alone PV system consisting of a
POSLLC was presented, and an ohmic load was fed by the PV
system. In [33], two controllers were used to optimize the PV
energy injected into the three-phase grid. The first controller
was used to predict the DC voltage that would allow the three-
phase inverter to track the maximum power point of
photovoltaic generator under variable climatic conditions and
variable load. This new controller used a multivariate
polynomial interpolation based on Lagrange’s theory. The
second controller was based on the robust SMC. It was used to
control the active and reactive powers injected into the
network. This system was of single-stage type and the
contollers were cascaded, not independent. Therefore, failure
to set one controller can have a negative effect on the other
controller and thus on the system as a whole. In [34], an
adaptive fuzzy SMC was designed for a boost converter in a
PV system; by using fuzzy conrtol, there is no guaranty for the
overall system stability and the process of design is
complicted.

In the current study, POSLLC and a prototype of the single-
phase inverter are suggested for transferring the power of a

PV panel to the grid. PV panel voltage, inductor current of
DC- DC converter, and injected current to the grid are
controlled to achieve maximum power and high performance.
Since the POSLLC works in the lower range of duty cycles,
parasitic effects and losses are reduced to minimum and a
highly efficient operation is achieved.

PV panels have nonlinear characteristics and are expensive.
It is indispensable to extract the maximum power from PV
panels. Providing voltage through PV panel and the connected
circuit depends on climate conditions and the operating point.
In this condition, an MPPT algorithm is necessary to provide
reference voltage for PV panel. SMC is a robust method that
shows significant tracking effectiveness and provides a swift
reaction to climate changes. In [24], a simple sign function
control was used to control the DC link voltage of POSLLC.
In this study, the DC link voltage was controlled by two
nonlinear control methods and the methods were compared
using POSLLC and boost converter. Voltage gain of POSLLC
was higher and, at the same time, its average inductor current
was lower than those of other conventional converters.
Consequently, POSLLC is widely popular in higher power
applications. Furthermore, it has an additional capacitor that
strictly regulates output voltage. To control the current
injected to the grid, an SMC method was also applied and the
commands for the inverter switches were produced. To obtain
the maximum power from the panel, the P&O MPPT
technique was used. The main innovations of this paper
include (a) the application of DC-DC POSLLC to a single-
phase double-stage grid-connected PV system that
outperforms other similar systems with DC-DC boost
converter and (b) simultaneous nonlinear controlling of the
injected current to the grid and the DC-DC converter capacitor
voltage. To confirm the advantages of the proposed PV
system and controllers, simulation software with PSIM
module at different irradiation rates and temperatures is
presented and discussed.

2. PV SYSTEM STRUCTURE

Fig. 1 shows the overall double-stage PV system. The DC side
contains PV panel connected to capacitor C,, and POSLLC.
AC side contains the inverter, RL filter, and utility grid.

2.1. Positive output super lift Luo converter

Fig. 2 illustrates the elementary circuit of POSLLC, its
equivalent circuit when the switch S is closed (on), and its
equivalent circuit when the switch S is open (off).

According to Fig. 2-b, C; is charged on V;, while switch S is
on. Because L; and C; are parallel, the current of inductor L,
(iLl) experiences an increase. In the switched-off mode, as

shown in Fig. 2-c, the voltage across inductor L; becomes —
(Vo-2V;,) and hence, i,_1 is reduced.

The average of the inductor voltages is zero in a steady state.
It is assumed that DT is the switch-on period and (1-D)T; is
the switch-off period. Therefore, the Voltage Gain (VG) of the
POSLLC is obtained through the following relation [13]:

Vv, 2D
VG=—2=—— ()
V,, 1D

in
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Let C, and V. be a large value and a constant, respectively, as
given in Vin=VC1. The average model of the POSLLC in
Continuous Conduction Mode (CCM) is expressed as follows

[5]:

. 1
i, =—(2V;,-Vo+(Vo-v;,)D)
L )
1 . Vo .
Vog=—¢(@, -—~-i, D)
o c, LR b

where D €(0,1).

: s1 SS—H] lﬁi_ﬁ&.

| |
DC-DC ‘— |
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Figure 1. Configuration of the PV system
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Figure 2. (a) Elementary circuit diagram, (b) Equivalent circuit when switch is on, and (c) Equivalent circuit when switch S is off

2.2.DC side model

According to Relation (2), the overall DC side state variables
shown in Fig. 1 and their state equations are well defined as
follows:

i T
X_[IL1 va Vcl Vo] ®d)
Ry 1 1 1] |V, iR Ve
L L L L L L L 0
'RD 0 0 0 VC1 _ vpv | (4)
. C,R, C,R -
X: va X+ pv' D pv 'D u (t)+ o
L 00 o Vo o L 0
C, CR, CR, C,
1 0 0 1 _ii
| C, RG] | c, ]

The voltage of capacitor C, is controlled using a PI
controller, as shown in Fig. 3 and regulated into its reference
value. Therefore, (4) is reduced to a second-order equation as
follow:

'RD 1 _V01+iL1RD+Vo Vcl'Vo
L L L L 5
2=| T z+ : u@+ ©
-1 0 Ve, -V, Ty
va vaRD va
where
Zz[iL1 va]T (6)

The above equation is written in the following compact
canonical form:

z=f(2)+g(2)u(t) (7)
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where
-R N 1 Vc1 'Vo -R Di L +va +VC1 _Vc
L L L
f(2)= 1 1 74 - 1 — . 1-
-1 0 [ -t
C, Co Cu
Ve, +i LRotY,
- ®)
7)=
1@y, v,
vaRD

2.3. AC side model

The AC side including an H-bridge inverter and an LR filter is
connected to the utility grid. As shown in Fig. 1, the switch
positions are represented by the simple input command  of

switches as follows:
y=+1 if S S :on,S .S :off

9
y=-1 ifS S 'on,S S :off ®

when y=+1 , the state equations can be written as follows:

: Vol. 8, No. 1, (Winter 2021) 1-12

N P

V=— (i )

. (10)

i =—(i R +v +e )
L

9

The grid voltage is assumed to be sinusoidal given by:
e =V sinot (11)

when y=-1 , the state equations can be given as follows:

S T
vo=—(i )
C
(12)
. -1 .
|g—L—(|gRg+vi+eg)

L)

Combining relations (10) and (12), one can obtain:

1
V= (i 10+,

CZ

L (13)
i =— (i R +v I(t)-¢.)
g L g ) )

9

F(D*

Converter

va
PV J_ DC-DC
Panel L

-2 | Inverter

H-Bridge

Pl | >|Eq.14|

Figure 3. Shematic block-diagram of the proposed controller using SFC

3. CONTROL OF SYSTEM
3.1. AC side controller

The total schematic block diagram of the PV system is shown
in Fig. 3. The DC side includes POSLLC and capacitor Cp,.
The ratio of reference current to the current injected to the

grid (ig ! ) is a function of the active power reference (P.; ),
re
which is given in [35]:
2P
=" Sinet (14)

Iref B \Vi
m

where P is obtained using a PI controller. The input to the PI
controller is the difference between the output voltage of DC-
DC converter and its reference.

The error between the actual value of grid current(iy) and its
reference is considered as a sliding variable:

s(x.b)=i, -

H 2pref H
g Igref —Ig-—Slncot (15)

m

The control input, r(t) , is obtained as follows:

o(x.)=0 and 6(x)=i-l, =0 (16)



S.AA. Fallahzadeh et al. / JREE: Vol. 8, No. 1, (Winter 2021) 1-12 5

Substituting (13) into (16), one obtains the following:

where sgn(c) is the sign function aimed at achieving
robustness in the face of parametric uncertainties in the
control law and b is a positive constant.

1 2Py Lgoacosoat )
r(t)=v—(—+eg+Rg|g)+bsgn(c) 17
i m
. ) |
W v,
PV J_ DC'DC _J_ H-Bridge
) Panel T T > | Inverter
Vo Loy
P
a; _ i
PI |->{Eq.14]
4 -
\/ Ly
| MPPT [, 4
Pigg

Figure 4. Shematic diagram of the proposed controller using conventional SMC

3.2. DC side control using Sign Function Control (SFC)

Consider the following sliding variable for inductor current:
e(@)=i i (18)

where is the reference value of obtained by

i i
Llref L

comparing PV panel voltage Vo with its reference Vv,

using a Proportional Integrator (PI) controller. One can drive
the output function e(z) to zero through discontinuous control,

indicating that iLl converges to its desired value. The Lie
derivative theory is applied in the following manner [36]:

-R DI Ly +va +VC1 _Vo

Le@)= 221,01 29+, )=

1 2 L (29)
— 88(2) ae(z) _ 'Vc +i|_ RD+VU
Le@)= + ==& &
&(2) o, 9,(2) 20z, 9,(2) -

where f; and f, are the rows of f(z) and g, and g, are the rows
of g(x).L,e(z) is the Lie derivative of e(z) with respect to
f(2).

The equivalent control is obtained as follows:
Lfe(z) — RDiL-va -'-\/C1 _Vo (20)

u(z)=- -
Le(@) -V +i RptV,

Fig. 3 shows the block diagram of the proposed controller.

3.3. DC side control using Sliding Mode Controller
(SMC)

In this section, a conventional sliding mode control is
designed to control the inductor current iLl and the capacitor

voltage Vy,, as shown in Fig. 4. The following sliding variable
is defined for this purpose:

5,(2)=K g, +K,e, 1)

where K; and K, are positive constants and e; and e, are
defined as follows:

e =i, -
17 Wy L 22)

e2 =varef _VPV

By substituting (5) into the following equation, the control
law of POSLLC can be obtained as in (24):
$,(z,H)=K. &, +K,&,=0 (23)

Rpl V-V, TV

Kyl + T K (W, )
- pv
u() R v, +KS0N(s;)
Ky(== (2 E)
L CoRo

where Kj is a positive constant.

4. SIMULATION AND DISCUSSION

The simulation results show the performance of the proposed
controls in handling the GC single-phase PV system and DC-
DC converters. Table 1 shows technical specifications of the
PV panel. The step time for simulation and switching
frequency are considered as 1usand 20 KHz, respectively.

The Pulse Width Modulation (PWM) technique is applied to
the case of a single-phase inverter.

4.1. Comparison of two SMC strategies

In Fig. 3, the POSLLC is controlled using SFC method to
achieve MPPT by regulating the PV panel voltage. Fig. 4
shows the DC-DC converter control by conventional SMC
with the sliding variable given in (15). Table 2 shows the
parameter values of POSLLC.
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Table 1. PV panel parameters and specifications

Reference cell temperature 25°C
Maximum power 110 W
Number of cells 72

Voltage at maximum power 348V

Open-circuit voltage 43.4V
Standard light intensity at 25 °C 1000 w/m?

Short circuit current 34A

Current at maximum power 3.16 A

Table 2. DC-DC converters, RL filter, and input capacitor values

L, [02mH
Boost converter values C. [ 02mF
Ly 0.2 mH

POSLLC values C; 0.1 mF

C, | 0.1mF

L, | 5mH

RL filter values R, | 50mQ
Input capacitor value Co | 0.1mF

The simulation results of this section were affected by the
variations in radiation and temperature. The characteristic of
output power of the PV panel was dependent on sun
irradiation and ambient temperature.

The output characteristics of PV cells or modules are
commonly represented by the current-voltage (I-V) and
power—voltage (P-V) curves. In some special cases, voltage—
current (V-I) and power—current (P-I) curves were used to
represent the PV output characteristics [37]. Standard Test
Conditions (STC) are conditions in which the solar modules
are tested in a laboratory. Module testing is carried out in the
following conditions: solar radiation intensity of 1000 W/m?,
optical air mass of AM 1.5, temperature of solar module of 25
°C, and wind speed of 1 m/s [38]. Figs. 5 and 6 include
Power-Voltage (P-V) curves of PV panel at different
irradiances and temperatures, respectively. Figs. 7 and 8
display Current-Voltage (I-V) curves of the panel under
different conditions.

120 .
cells temp. = 25 deg.
1021w

irrad.=1000 W/m2

power (w)

20

i R0 Wm2

10 0 yohagey) 30 ) 50

Figure 5. Power-voltage curves at different irradiances (T=25 °C)

120

incident irrad. =1000 W/ m2 1086 W

power (W)

10 30 40 50

0 voltage (v)

Figure 6. Power-voltage curves at different tempartures
(G=1000 W/m?)

cells temp. = 25 deg. C

irrad. =1000 W/m2

1021w

irrad. =800 W/m2

- 821

irrad. =600 W/m2

~

current (A)

irrad. =400 W/m2

imad. =200 W/m2

10 20 voltage(y) 30 40 50

Figure 7. I-V curves at different irradiances (T=25 °C)

incident irrad. =1000 W/m2

1. cell temp = 16°C, Pmpp= 108.6 W
2. celltemp = 25°C, Pmpp= 1021 W
3. cell temp = 40°C, Prpp= 955 W
4. cell temp = 55°C, Pmpp= 883 W

5 cell temp = 70°C, Pmpp= 823 W

current (A)

0 VoL \
10 20 yoltage(w) 30 40 50

Figure 8. I-V curves at different temperatures (G=1000 W/m?)

Figs. 9-15 compare the simulation results for the PV system
using SFC and SMC at different values of irradiance and
temperatures including T=25 °C. The value of irradiance G
increases from 800 to 1200 W/m? at t=0.2 s and is reduced
from 1200 to 1000 W/m? at t=0.4 s, as shown in Fig. 9.
According to Fig. 6, when irradiation steps up, the obtained
PV power increases, which, in turn, elevates the amplitude of
the injected current to the grid. The POSLLC inductor current
will also increase. These results are shown in Figs. 10-14.
Besides, according to Figs. 11 and 14, the MPPT technique at
different values of radiation shows a suitable performance.
Fig. 10 shows the function of AC side controller in tracking
the injected current to the utility grid and its reference at
different irradiance values. A comparison between SFC and
SMC in the DC side controller is made and given in Figs. 11
and 12. Fig. 11 shows that voltage fluctuations around the
reference in SMC are fewer in number than those in SFC. In
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addition, SMC has better performance for input capacitor C,
(shown in Fig. 1) and ensures longer life of C,,. Fig. 12
compares SMC-based inductor current with SFC-based
inductor current. The SFC method has better functionality
than SMC because the former is subject to less fluctuations
and a lower average value.

00 Irradiance W/m#2
[ 01 02 t(s) 03 o4 05
Figure 9. Irradiance changes of the PV panel
’ ig_ref(A)
o LY
T w\\A.ﬁ.’L'~.u”-.Hﬁji-'i('n'lr"'a.ﬁ.ﬂﬂ-“r
’ ,’V\.-l,ﬁ!\ AR {J'.'.["‘.,\,rij'l.,"
N U'-"-fll]'f""'l'r”rl‘.!‘:"frn'hl'l'EII'I-:‘M' '-fl"":fﬁ.'”!r"il
a AR
A WV
RN R Vi
o a1 02 t(s) 03 o4 05
(@)
. . ig_ref(A)
) 4 r ig(A) \ilE |'|‘|‘ ) f.|1 'I‘L I;, !.l ’_ql. I". rl' e "
2 Irlr‘ll :Ill f Iﬂl .ﬁll ﬂ '|ﬁ| Ia'“' i]llljllrll JI1 |I.:|f|l|,[!!i I'Ilillujllt |Jll1 r|| il.'.
AMEAA R E R R
{ VL ’|}]I TRy 'Ill‘i| | ""‘.I f !'u--l| Ii?lj |
A VAL ?'lel‘J V LJHH. 'H'!ii|=l|.lll-""r'!'|'uru -\
BRI ALY
* ! "['!,'b AR R '
*
o 01 02 t{s] 03 04 0s

(b)
Figure 10. Grid current and its reference at different values of
irradiance using (a) SFC and (b) SMC

Vpv(v)
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01 02 03 {(s) 04 05

@)
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355
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# 01 02 03 t(S] 04 05

(b)
Figure 11. PV extracted voltage and its reference at different values
of irradiance using (a) SFC and (b) SMC

Fig. 13 compares maximum power with delivered power of
the PV panel. This figure demonstrates that MPPT method has
proper performance using both of the proposed controllers
despite different radiation values. Fig. 14 shows how the PV
panel current varies due to irradiance changes. The PV panel
current using SMC is more acceptable than that using SFC.
Satisfactory Unity Power Factor (UPF) with respect to the
power supply network is proven, as shown in Fig. 15, which
shows utility grid voltage and injected current to the grid.

0.1 0.2 03 t{s) 0.4 05

@)

01 0z 03 t[sl 04 0S5

(b)
Figure 12. POSLLC inductor current and PV current at different
values of irradiance using (a) SFC and (b) SMC
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u

]
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D‘ 01 0z t{s) 03 0:4 s
(b)

Figure 13. Maximum power and delivered power of PV panel at

different values of irradiance using (a) SFC and (b) SMC
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1 |
o u
-
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2 _I,r" '
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Figure 14. Delivered PV panel current at different values of
irradiance using (a) SFC and (b) SMC
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(b)
Figure 15. UPF checking by (a) SFC and (b) SMC

This study carried out another experiment at temperature T
ranging from 25 °C to 40 °C at t=0.25 s (Fig. 16) and
irradiance G=1000 W/m? using the controllers (Figs. 3 and 4).
The simulation results of the proposed controllers are
presented and compared in Figs. 17 to 20. According to Fig. 6,
as the temperature of the PV panel decreases, the extracted
power increases. By increasing the temperature of PV panel,
the its voltage is reduced and current increases, as shown in
Figs. 17 and 19, respectively. At varying temperatures, SMC
outperforms SFC. Figs. 17-18 show that the fluctuations of
inductor current of DC-DC converter and PV voltage panel in
the system using SMC are less than those in the system using
SFC. These fluctuations increase the efficiency and lifespan of
capacitor Cy, in the system using SMC.

£ Temperature(c)

[} o1 oz ‘(5) 03 04 08

Figure 16. Temperature changes of PV panel
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\

2 _—vpv_ref(v)
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Figure 17. PV extracted voltage and its reference at different
temperatures using (a) SFC and (b) SMC
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iL(A)

iL_ref(A)

02 03 t{sl 04 05

(b)
Figure 18. POSLLC inductor current using (a) SFC and (b) SMC
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Figure 19. Unity power factor checking by (a) SFC and (b) SMC
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Figure 20. Inductor current and its reference: (a) the proposed

system using boost converter and (b) the proposed system using
POSLLC

4.2. Comparison of performances of POSLLC and boost
converter in the proposed system

In this section, the performances of DC-DC, POSLLC, and
boost converter in the PV system are compared. Besides its
higher voltage gain than the boost converter, POSLLC enjoys
another advantage, to be presented later in the paper. Table 2
shows the parameters of the DC-DC boost converter. The
inductor value of the boost converter is set equal to the output
value ‘one’ of the POSLLC and the value of its capacitor is
equal to the sum of the values of POSLLC capacitors.

Fig. 20-a shows the inductor current of boost converter in
the proposed system shown in Fig. 3. The average value of
inductor current iL1 is equal to 3.47 A, while the average

value of inductor current of the POSLLC in a similar system
equals 2.094 A (Fig. 20-b). A lower inductor current value
yields lower loss. The proposed system using POSLLC is
subject to less voltage fluctuations than the system using boost
converter, as shown in Fig. 21, and this ensures the longer
lifespan of capacitor C,, using POSLLC. Furthermore, D with
POSLLC is less than D with boost converter. Fig. 22-a shows
D using POSLLC. The value of D using POSLLC is close to
0.5 (D=0.475), while it equals 0.615 using boost converter
(Fig. 22-b). According to Fig. 23, the efficiency of the PV
system with boost converter is lower than that of PV system
with POSLLC. Input power of both converters is 107.7 W;
however, the output power values of POSLLC and boost
converter are 105 W and 97.9 W, respectively. Therefore, the
POSLLC and the boost converter enjoy efficiency rates of
97.5 % and 90.9 %, respectively, in the same condition.

B2 —

Vpv(v)

352
Vpv(v)
% {
| |
. ';'.'Ln.ur._-i_;_._l IRELTRULLERLEELERERIAKEL K
B
01 0z 03 t{s] 04 05
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Figure 21. PV extracted voltage and its reference (zoomed in): (a)
the proposed system using boost converter and (b) the proposed
system using POSLLC
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Figure 22. Duty cycle of switching in the proposed system: (a) the
proposed system using boost converter and (b) the proposed system
using POSLLC
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Figure 23. Efficiency comparison of DC-DC converters: (a) the
proposed system using boost converter and (b) the proposed system
using POSLLC

5. CONCLUSIONS

A new double-stage single-phase GC PV system using
POSLLC was presented in this paper. Two nonlinear control
methods for input capacitor voltage control in different
weather conditions were designed, analyzed, simulated, and
compared. Then, the proposed system was investigated from
two perspectives. First, the controllers (SFC vs. SMC) and
then, the performances of DC-DC converters (POSLLC vs.

boost converter) were compared. To control the input
capacitor voltage and inductor current of the PV system
including POSLLC, SFC and SMC methods were applied.
Although the DC side controller using SFC was characterized
by a simple structure that enjoyed low cost and ease of use,
the comparison of the simulation results illustrated that the
SMC had better performance in terms of tracking the
reference voltages. Moreover, the fluctuations of the input
capacitor voltage and inductor current using SMC were found
to be lower, hence promoting the service life of power
electronic devices in the system. Table 3 represents a
summary of performance comparison and implementation of
SFC and SMC.

Another comparison was made between boost converter and
POSLLC in the PV system. The simulation results showed
that the voltage fluctuation of the input capacitor in the system
using POSLLC was lower than that of the input capacitor
voltage in the system using boost converter due to the
presence of an additional capacitor in the input of POSLLC.
Moreover, the average values of inductor current and duty
cycle in the system using POSLLC were lower than those in
the system using boost converter. The efficiency of POSLLC
was found higher than that of boost converter. Furthermore,
the unity power factor and MPPT control using P&O method
at different temperatures and irradiances were investigated
and simulated. The proposed GC PV system using POSLLC
with low duty cycle and less ripple will be useful in industrial
applications. Table 4 shows a summary of the performance
comparison of POSLLC and boost converter in the double-
stage grid connected PV system.

Table 3. Performance comparison of the proposed controllers

Description Using SFC Using SMC
Grid current reference Good with Very good
tracking fluctuations
Quality of input voltage Good with Very good

tracking fluctuations
Practical implementation Simple Relatively simple
Operating point area Very wide Very wide
Average of inductor current High Low
Quality of PV current Good Very good
Unity power factor delivery Excellent Excellent

Table. 4. Performance comparison of POSLLC and boost converter
in the same PV system

Description Boost converter | POSLLC
Efficiency (%) 90.9 97.5
Average of inductor current (A) 3.098 2.094
Duty cycle of switching 0.61 0.46
Voltage gain considering previous 2.56 2.86
duty cycles
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NOMENCLATURE

Vin, Vo Average input/output voltage of POSLLC
D Duty cycle

VG Voltage gain

Ts Switching period of POSLLC

Vin Input voltage of POSLLC

Rp Resistance of diodes D; and D,

Voo V PV panel voltage and its reference

PV ref

i iL POSLLC inductor current and its reference
Ly ' Iref

v POSLLC capacitor C; voltage
Cl
Ry, Lg Resistance and inductance of the filter and the line

Vo, io Output voltage/current of DC-DC converter or
input voltage/current of inverter

eg Grid voltage

i Injected current to the grid and its reference
9
Iref

Pret Reference power delivered to the grid

X Inverter switches command

r(t) Average value of y in the inverter switching period
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