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Abstract

In conventional grid-tied renewable energy applications, the de—dc converter is inevitable.
An increased cost, size, and reduced efficiency are the demerits of incorporating a de—dc
converter. A recently introduced split source inverter (SSI) is capable to perform both de—
dc as well as dcac at a time. The main attractive controllable feature of SSI is its modulation
index. By utilizing this parameter, an intetleaved control structute is proposed for the SSI
in grid-tied photovoltaic applications. The main objectives of the work are to track peak
power and to maintain a stabilized voltage across the dc-link capacitor at a variable load and
grid disturbances. The proposed peak power controller performs two important actions:
(i) the peak power is traced at all irradiance and (ii) generates a duty cycle to enhance the
dc-link capacitor voltage. The proposed scheme is essentially investigated with simulation.
To validate experimentally, a 1 KW photovoltaic system is integrated into a grid-tied 10
kVA SSI prototype. A Xilinx based Spartan field-programmable gate array (FPGA) is used
to provide a control algorithm for the SSI. Few case studies at different conditions are
performed and investigated. Experimental and simulation results are presented to prove

1 | INTRODUCTION

A conventional photovoltaic (PV) grid-tied system is a two-
stage operation with a PV array, de—dc converter, grid-tied
dc—ac inverter. The standard voltage source/current source
inverter (VSI/CSI) inevitably utilizes a de—dc converter either
to enhance (in VSI) or to diminish (in CSI) the input voltage
[1]. Though a de—dc converter stage is essential to extract peak
power and magnify/lessen the input voltage, it suffers from cer-
tain drawbacks. In fuel cell applications, the de—dc converter
generates a high-frequency ripple current, and it is the primary
reason for the decrease in fuel cell life span [1, 2]. To overcome
the input or output current ripple due to the de—dc converter,
a filter (active/passive) may be implemented, but it results in
increased cost and complexity of the system [2, 3]. Increased
system size and reduced efficiency are also its demerits [1, 3].
To overcome these demerits, many single-stage converters that
comprehend the dc/dc converter stage emerged out. The Z-
source inverter [4] is regarded as the first application of the

the robustness of the control strategy.

impedance network in a single-stage family. In the later stages,
many modified versions of the Z-source inverter are reported
[1]. In the Z-source inverter, during the boost mode (shoot
through), the load is short-circuited by any of the legs [4]. It
results in a discontinuous input current and a high magnitude
voltage across the x-shaped capacitors [5, 6]. To generate the
shoot-through state, a supplementary switching state in addi-
tion to eight switching states is mandatory [5]. To overcome
these demerits, three-phase and single-phase split source invert-
ers (SSI) [5, 7, 8] were introduced. A detailed comparative analy-
sis of different single-phase SSI is explained in the recent litera-
ture [7]. The benefits of the SSI are uninterrupted current input,
similar pulse width modulation schemes which are implemented
for conventional VSI, less passive component count, a contin-
uous dc-link voltage [5, 9, 10]. In the literature [10], the author
has chosen a step change in inductor current for an input cur-
rent loop without any MPPT controller, and the dynamics of
the PV source under transient conditions are not analyzed. The
grid side analysis is performed in [10] by creating a voltage sag
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FIGURE 1

and swell of 15%. In addition to the aforementioned observa-
tion, the load analysis is performed on the ac and dc sides. The
bioperational feature of SSI by adding a dc load across the dc-
link capacitor is thoroughly examined in this concept. The main
focus of the work is :

1. To design and evaluate the proposed peak power controller
to track peak power from the PV system and produce a duty
cycle for the SSI.

2. To investigate the steady-state analysis of SSI based grid-tied
PV system.

3. To investigate the effects of variable irradiance on the pro-
posed control scheme and the nature of SSI.

4. 'To study the effects of the load dynamics (both dc and ac)
on the PV system and the proposed scheme.

5. To examine the effects of grid disturbance on the PV system
as well as on the SSIL.

6. Analysis of reverse operation of SSI is performed by con-
necting a local dc load across a de-link capacitor and its effect
on the PV system.

The entire PV grid-tied system, along with the proposed control
scheme for SSI, is presented in Figure 1. The work consists of
SSI’s basic operational principle in Section 2, proposed control
scheme in Section 3, discussion of results in Section 4, Section 5,
the conclusion, and finally, the acknowledgment and references.

2 | BASIC PRINCIPLE OF OPERATION
OF SSI AND PROPOSED CONTROL
SCHEME

2.1 | Comparative analysis of different
single-stage inverters

The comparative analysis is performed based on the switch and
diode count, passive elements, switching states, the capability

r Linear/Non-linear/ 1
| Industrial load |

An SSl integrated PV grid-tied system with proposed control scheme

to boost, and the existence of the shoot through. The princi-
pal aim of SSI is to design a single-stage converter that works
similatly to conventional VSI. From Table 1, ZSI [4] and Q-ZSI
[11] consist of six switches with a diode and possess two capac-
itors and two inductors. Both the topologies inherit a shoot-
through state to perform the boost operation. As a result, they
consist of nine switching states. Later, CA-QZSI [12, 13], SL-
QZSI [14], DA-QZSI [12, 13] were introduced. Though they
inherit an improved petformance of the ZSI, they consist of
the higher passive component count. Later, an ASC-QZSI [12]
was introduced to overcome the demerits of CA-QZSI [12, 13],
SL-QZSI [14], DA-QZSI [12, 13]. Further improvements are
noticed in CF-ZSI [15], where the shoot-through state is absent
with a reduced diode count, but the passive component is more
than the aforementioned topologies. SSI consists of six switches
with three diodes, two passive elements, and the same switch-
ing states of conventional VSI. An increased efficiency, reduced
converter size, low cost, and less complexity made the SSI more
attractive in applying renewable energy systems. A detailed com-
parative analysis of different single-stage inverters is provided in

Table 1.

2.2 | Operating principle of SSI

SSIis an amalgamation of impedance network with three diodes
and a conventional VSI presented in Figure 1. The main fea-
tures of SSI are [16]: stabilized dc-link voltage, continuous input
current, the low voltage stress on semi-conductor switches,
voltage boost capability, lesser passive component count, non-
requirement of an additional switch as compared to conven-
tional VSI, similar switching states and modulation scheme of
VSI. The SSI also suffers from certain demerits like higher cur-
rent stress on lower semi-conductor switches, higher voltage
stress, and higher THD at lower voltage gains, commutation
effect due to input diodes. The principle of operation can be
explained based on charging and discharging modes of SSI.



NANNAM ET AL. 1303
TABLE 1 Comparative analysis of three-phase single-stage converters
Topology Switches Diodes Passive components Switching states Boost Shoot through
7SI [4] 6 1 4 9 Yes Yes
Q-ZSI [11] 6 1 4 9 Yes Yes
SL-QZSI [14] 6 4 5 9 Yes Yes
CA-QZSI [12, 13] 6 2 7 9 Yes Yes
DA-QZSI [12, 13] 6 3 6 9 Yes Yes
ASC-QZSI [12] 7 5 3 9 Yes Yes
CF-ZSI [15] 6 1 5 6 Yes No
SSI[5] 6 3 2 8 Yes No
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(a)Charging mode (S4 S¢S, 0n) (b)Charging mode (S40n)

FIGURE 2

(c)Charging mode (S on)

(d)Charging mode (S, on)

The charging operation of SSI during the conduction of three lower switches and any one of the lower switch. (a) charging mode at S¢,54,S; are on

(b) chatging mode at Sy are on (c) charging mode at Sy ate on (d) (b) charging mode at S, ate on

1. Charging mode: The inductor (L)) of the SSI is charged when
any of the lower semi-conductor switches are turned-on.
Among the eight switching states, six serve as active states,
and two are zero states. All the six active states, including
a zero state, facilitate the inductor’s charging, as shown in
Figures 2a—d and 3a—c.

2. Discharging mode: The energized inductor charges through
the capacitor when all the upper semi-conductor switches are
turned-on and when all the lower switches are turned-off, as
shown in Figure 3d.

The average SSI voltage (1) in terms of input dc voltage
(1) is given as

47

Vig = ——2 17, 1
0% 27— 3y 0 )

where 7 is the modulation index. In order to design an inductor
and capacitor of SSI, low- and high-frequency components of
current and voltage ripple should be considered,because they
depend on duty cycle (8¢y;) and switching frequency(f,,).

Alr gy = G5t V) (fow * L), @
AV = (L= 8sgr) * 1)/ (fo * ©). ©)

On considering the fundamental quantities to model the low-
frequency voltage and current ripple,

Ay = (o Vig)[[(70 % % fi + L), S

AViy, = (% 1) [[(70 % 7% % f; % C)). 5)

Finally, the C'and L can be formulated as

L= BV30m* Vig)/ (48 % 72 % f; ALL g
FAALL 1)+ 18 Vi) 2w % (Bl + DI7 1)),
©)
C = BV30m * 1,)/ (48 % 2 % fi % AV,
FAVC i+ = 8, (L) [2(fon % BV + AV )]
)

The detailed explanation of various modulation schemes of
impedance network [17, 18] and the detailed explanation of SSI
are presented in the literature [5, 17, 18].

2.3 | The proposed control scheme for SSI

This section discusses the proposed control scheme imple-
mented in the SSI based PV grid-tied system. The reference
paper [10] has given much importance to the grid-oriented con-
trol of SSI. Still, the effect of variable irradiance on tracking the
peak power and its impact on the control system, the effects
of load dynamics (both ac and dc), and grid disturbances on
the PV system are not discussed. Here, a new control scheme
is proposed to track the PV source’s peak power. It also gener-
ates the corresponding duty cycle to enhance the dc-link volt-
age. In SSI, the duty cycle and the modulation index are equal to
each other and need to be interleaved to control independently.
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FIGURE 3  The charging operation of SSI during the conduction of any two lower switches and the discharging operation at the conduction of three upper

switch. (a) charging mode at Sg, Sy are on (b) charging mode at Sg, S; are on (c) charging mode at Sy, S, are on (d) (b) Discharging mode at Sy, Sg, S; are off

The SSI inherently generates a duty cycle to enhance the de-
link voltage. In renewable energy system applications, the duty
cycle has to be generated by a peak power controller to facilitate
the maximum power transfer. In this paper, the duty cycle of
SS1is produced by an external controller to enhance the voltage
and track the peak power. The proposed scheme embraces the
same synchronous reference frame used in conventional grid-
connected VSI. The grid-oriented control comprises a regula-
tor for de-link voltage at variable irradiance, variable loads and
grid side disturbances, and a current regulator loop to control
the inverter output currents. In a renewable energy application,
peak power tracking is one of the essential criteria to be consid-
ered. So, a peak power control is also presented to track the peak
power. The detailed analysis of each control loop existed in grid-
oriented control, and MPPT control is elucidated in subsequent
sections.

2.3.1 | Peak power control

The modulation index (7) and duty cycle (8g5) of SSI are
related to each other. The inductor (L) is chatged when the
modulation index (7) is equal to duty cycle (Sgg) [5, 10].
The important relations between 8¢; and  are expressed
as [5]:

855 (©) = 0.5 — (0.5m) * 5in(O®), @®)

where (771/6)<(0)< (1171/6), The upper and lower limits of
555[ are

S5 max = 0.5+ 0.5m, )
855t = 0.5 + 0.25m. (10)

The &, for an inductor to charge is given as
8 = 0.5+ (1.299m/ 7). (11)

The main aim of the proposed peak power controller is to track
the peak power and to produce a duty cycle (8) equal to the
modulation index (7). The control scheme of the peak power
controller is presented in Figure 4. In this proposed scheme,

Vv o

MPPT 2~ Pl
Lo A

FIGURE 4

o SSI
I

IV

The proposed peak power controller

the perturb and observe algorithm [19, 20] is chosen to track
the peak power from corresponding solar radiation. The volt-
age and current of the PV system are the inputs for the MPPT
algorithm. It calculates the power generated by the PV source
equivalent to the PV voltage and current. A duty cycle is gen-
erated according to the power variations [20]. The source duty
cycle (§51-) is programmed to operate in between the upper and
lower values of the SSI duty cycle, so that the optimum pet-
formance of SSI may be guaranteed. The duty cycle (6p-) is
compated with the modulation index () of SSI. The error AS
which is obtained by comparing the modulation index and & -
is fed to a well-tuned PI controller. Table 2 consist of the val-
ues K5 and Kjs. The signal generated by the PI controller is
collated with a triangular wave to produce a duty cycle for SSI
(8557)- Hence, the proposed scheme not only generates a duty
cycle for the SSI but also tracks the peak power. A logical AND
gate is implemented to metge 8¢y and 7. The parameters of the
PI regulator are chosen lower than the dc-link voltage controller
to provide sustainable performance.

2.3.2 | DC-link voltage regulator

The intermittent nature of irradiance generates a variable power,
which develops transients on the dc-link voltage. A sudden
increase/decrease in irradiance either increases or decreases the
generated power. As a result, an overshoot/undershoot is expe-
rienced on the dc-link voltage, which means the dc-link voltage
stability is lost. So, the predominance of dc-link voltage is asso-
ciated with the power feeding to the grid. A change in the refer-
ence current of the current control loop generated by the de-link
regulator is the consequence of feeding an increased power or
a lessened power from the PV source. The dc-link voltage con-
trol scheme is presented in Figure 5. The dc-link voltage under-
goes vatiations when (a) power exchanged by the dc-link varies
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TABLE 2  System specifications for simulation

PV system (Mitsubishi PV-UD190) Values
Open circuit voltage 17, (V) 30.8006
Short circuit voltage /. (A) 8.2329
Voltage at MPP 17, (V) 24.699
Current at MPP 7, (A) 7.7127
Ay -0.105
A 0.004446
No. of series connected modules in a string 6

No. of parallel strings 1

Trradiance (W/72) 1000, 800, 600

Temperature (degree Celsius) 25
SSI Values
Dec-link capacitance (UF) 177.3
Input inductance (mH) 1.68
Dc voltage regulator Values
K, 0.7
K 8
Vagrer V) 1000
Current regulator regulator Values
K, 0.05
K, 0.02
Maximum power control regulator Values
Kys -0.005
Kys -0.02
Grid parameters Values
t, (mQ) 0.8
L, (mH) 5.8
Vdc, ref
9 / d,ref
Vdc, meas
FIGURE 5 The control structure of de-link voltage regulator and the gen-

eration of I, s

(also includes when there is a sudden change in the load con-
nected at the dc-link point [dc load] or the grid [three-phase
load]), (b) the grid experiences an unbalance [21, 22], and (c)
at variable solar radiation. In dc-link voltage regulator, the dc-
link voltage reference, V , ,  is compared with measured dc-link
voltage (V. yeqs)- If the difference in the dc-link voltage exists, it
implicates the loss in energy at the dc-link. So, the dc-link volt-
age should revert to the recommended voltage to transfer the
maximum power. The recommended or reference value of the
dc-link voltage regulator is given as [23, 24] :

2% Vi
Vigrer 2 T; (12)
N ape

Bode diagram for dc-link voltage regulator in closed loop

=]

3
(=3

Magnitude (dB)
I i

=
==

IS
b

-90
-135

Phase (deg)

S SO S Y —,

-180 1 e 2,, el - sl 55
10 10" Frequency (Hz) 10 10

FIGURE 6 A Bode plot representation of dc-link voltage regulator loop

where 1/, ¢ is the rms voltage of SSI and m,, is the modula-
tion index of SSI.

The instantaneous power balance equation in a syn-
chronously rotating dq reference frame under the assumption
of loss less condition can be expressed as [25],

3., . . . dvy,
5 WVaala + Viglgl = Vaplo = VaC—=, 13)

V" 405 Viys 145 4, are the dq components of three-phase voltage
and current parameters of grid, 4, is the output current of the
PV cell.

The transfer function »"4. /2" 4 can be represented as:
Zd[
Gho—iink = ~
24
3V

= - 1,05 1

The transfer function of dc-link voltage under disturbed grid
condition, »"4./7",q is tepresented as:

e _ VO
Ta 11—
Q)

(15

The values for K, and K;, V4, for de-link voltage regula-
tor are provided in Table 2. The values of PI for dc-link voltage
regulator are computed using symmetrical optimum procedure
[26]. The Bode plot representation of dc-link voltage controller
is presented in Figure 6. The closed loop gain crossover fre-
quency of the voltage controller is 350 Hz and the phase margin
is 90. The calculated bandwidth is 56 Hz.

2.3.3 | Current controller

The main aim of the current controller is to modulate the grid
side current, to provide protection, and to handle the issues of
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FIGURE 7  The control structure of current control loop

Bode diagram for current controller in closed loop
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(5]
<

S8 aver freuency

Phase (deg)
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FIGURE 8 The Bode plot representation of current control loop

power quality [27]. The control structure of the current con-
troller is presented in Figure 7. The motive of the paper is to

regulate the real power feeding to the grid, so 7;,,, and 7,,,/

(zero) ate considered. 17, 17, 1,4, 1, ate generated from the

&7
grid voltage and grid currents as shown in Figure 7. The equa-

tions governing the current controller can be described as [28]:

. . diyy

T/ﬂ’,mm/ = I/(gd + Toldref — Dlgref + L(gT}J (16)
. . d{@]

Vi = Vig + 1y + @l + Ly—5, an

whete L, r, ate the grid side filter and internal resistance, @ is
the grid angular frequency. The current controller transfer func-

tion in closed loop is represented as:

1
e J‘TZ*+1) ( )

where 7; is the time constant of closed loop current regulator
and can be selected below 5 ms for better utilization [29]. The
Bode analysis for the current regulator in closed loop is pre-
sented in Figure 6. The gain crossover frequency of current con-
troller in closed loop is presented in Figure 8 and is computed as

1500 .
1000

500r-(Constant solar radiation (W[mAQ)

0
1500 ;

300 PV poxiNer (W) 1

10 : ! ,

PV CLlIi‘I‘eIlt (A)

Time4(seconds)

FIGURE 9
voltage, PV output current

Constant irradiance (W/#7), output power of PV, PV terminal

4500 HZ and the phase margin is 90". The bandwidth calculated
according to [28] is found to be 716 Hz.

3 | DISCUSSION OF THE SIMULATION
AND EXPERIMENTAL RESULTS

3.1 | Simulation results

The entire system with the proposed control scheme is primarily
assessed in MATLAB/SIMULINK. A Mitsubishi PV-UD190
is used as a PV system for simulation. Each parameter used in
the simulation is listed in Table 2. Different cases are selected
and analyzed to observe the optimum performance of the pro-
posed control scheme. The proposed control scheme’s objec-

tives, which are mentioned in Section 1, are evaluated using dif-
ferent test cases.

3.1.1 | Case-I: Steady-state analysis (constant
solar radiation and without load)

In case-I, constant solar radiation without the load is consid-
ered. As the irradiance is stable, the PV voltage and current
remain unchanged, as shown in Figure 9. As there is no change
in solar radiation, PV voltage is constant. As a result, dc-link
voltage, SSI output voltage, and currents remained constant.
The peak power controller tracks the maximum power from the
PV source and is presented as PV power in Figure 9. The dc-link
voltage, the voltage, and currents of SSI are shown in Figure 10.

3.1.2 |
load

Case-II: Variable irradiance and without

In this case, a change in solar radiation and its impact on the
proposed control scheme is investigated. Three different solar
radiations 1000, 800, 600 W /#* at different time instants are



NANNAM ET AL. | 1307
Dc-link Voltage (V) 1400—— : g
1500 ; : - . | ‘ —Vdcmea
[ H o
500 | 1200 ¢h$nge in irradiance Vderef
. | | | | g i B2
Output Voltage of SSI (V) ;/1000 o 0% o~
i ' D 0] L 1 MGG
ol :NS 800":'510 ._._._,_..981. ol i ’ il
5100 S doolwim2 DO 0.5 1V 105 11
- 8 ! 7 . e : ~
3 3.01 3.02 3.03 3.04 3.05 4 600t kod W2 igjg | ﬁ Mol s A A
Output Current of SSI (A) g Dolto vk
5 . . & 400F - p0Q Wm»2 - 9329 Ty e
[N ~
5 . ‘ 200r 5 (Lto . 10¢OMMWW~WV‘JW 1
3 3.05 3.02 3.03 3.04 1000 W/m™2 - 95 ‘ L W A
iere econi) o o505 6 7 605 6l
0 Ti (IO d ) 15 20
FIGURE 10  Steady-state analysis of dc-link voltage, terminal voltage, and me (seconds
currents of SST
FIGURE 12  The effect of variable solar radiation on dc-link voltage

1500 , ; : : : :
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1500 , —
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500
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100 , ! :
O :l i 1
10 | ': . : :
sh i (d)PV current (A)
L R MO TR
Time (seconds)
FIGURE 11 (a) Variable irradiance (W/#7). (b) Output power of PV. (c)

PV terminal voltage. (d) PV output current

considered. At time 7= 1 s, the irradiance is changed from 1000
to 800 W/n?, at t = 2 s, the irradiance is changed from 800
to 600 W /72, and finally, the irradiance is increased from 600
to 1000 W /#* as shown in Figure 11. According to the change
in irradiance, PV voltage, PV current, and power generated by
PV experience a change. The solar radiation, PV voltage, PV
current, and PV power are presented in Figure 11. The effect
of irradiance on the dc-link voltage at different irradiance is
shown in Figure 12. Since the dc-link capacitor is directly asso-
ciated with the PV system, the impact of atmospheric changes
will reflect directly on the dc-link voltage. The dc-link voltage
is maintained constant, as a result, the filtered output voltage of
SSI also remained constant as shown in Figure 13. The change
in SSI screened current at different irradiance is presented in
Figure 13a—c.

313 |
dc load

Case-I1I1: Variable irradiance and variable

In case-1II, a variable dc load is connected across the dc-link
capacitor under the consideration of variable irradiance. The

Output voltage of SSI (V)

271 272 273 274 275 276 277 278 279 28
(@  Output currrent of SSI (A) )
5

6(€)6.02 604 606 608 6.1

FIGURE 13
at time (a) t = 1sec., (b) t = 2sec., and () t = Gsec.

SST output voltage and current under variable solar radiation

irradiance is made to changeat 7= 15,#=2s, 7= 65, as shown
in Figure 14. The series and shunt resistances used in this paper
are 1011.1501 and 0.2231 Q. The constraint for the PV soutce
to operate as a constant current source is [30]:

1 |4

L
R =<+ —)4+R>—_—. 19
" <V Rp> I>] 19)

The calculated value of R,, is greater than the calculated value
of %, so the PV source is operating as a constant current source
which is shown in Figure 14. The effect of two different dc loads
on de-link voltage and the power consumption is shown in Fig-
ures 15 and 16. At #= 3 s, a load of 500 W is turned-on, and
at /= 5s, aload of 100 W is turned-on, which is represented in
Figures 152 and 16a. The power consumption of the 500 W load
and the current flowing into the load are presented in Figure 15d
and Figure 15c, respectively. Similarly, a load of 100 W is turned-
on at /=5 s, which is presented in Figure 16a. The voltage dip
for a moment, the current flowing into the load, and power con-
sumed by the 100 W load are presented in Figure 16b—d. The
combined effect of variable irradiance and sudden step change
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FIGURE 14 The effect of variable dc load on PV voltage, current, and
power
l'? I 500w Toad is 'g)n i I I I I
0.5F s ]
0 ' ‘ @ ' ' '
1000 ' e e ' ——
500 | - e ]
J s B )
0.5F ' -
0 @ ' ' ‘
500 | ' ' H ' ' e
0 L L - L L
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FIGURE 15 (a) Load switching instants. (b) Transient in dc-link voltage

when 500W load is turned-on. (c)Magnitude of current at 500 W load. (d) Power
consumed by the load
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FIGURE 16 (a) Load switching instants. (b) Transient in dc-link voltage

when 100 W load is turned-on. (c) Magnitude of current to 100 W load. (d)
Power consumed by 100 W load

Step change in load
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FIGURE 17 The combined effect of variable irradiance and step change

in dc load and their effect on SSI voltage and currents

Voltage (V) at load-on condition

, ,
0
-500 L L L L L W
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Current (A) and power (KW) at load-on condition

500 I’ i f i i

=
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Voltage (V) at load-off condition
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Current (A) and power (KW) at load-off condition
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FIGURE 18 The three-phase voltage, current, and power (represented by
black colour) consumed by three-phase load

in a load along with SSI voltage and currents are presented in
Figure 17.

3.1.4 | Case-1V: Variable irradiance and variable
three-phase ac load connected to the grid

In this case, a three-phase load of 400 W is connected to the
grid. The load is switched-on at # = 1.5's, 7= 4.5 5, and turned-
off at #= 3 s, /= 5s. A three-phase voltage across the load,
load current, and power consumed by the load on and off posi-
tions is presented in Figure 18. When the load is turned-on at
t = 1.5 s, the dc-link voltage undetrgoes a voltage dip and later
regains to the reference value. The grid starts to supply power
to the load at this instant due to PV power’s insufficiency. As a
result, the grid current magnitude is raised to some extent and
later attained its natural position when the load is turned-off, as
shown in Figure 19.
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FIGURE 19 The effect of three-phase ac load connected on de-link volt-

age and output current of SST and the analysis of power
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— 1020 F g
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a
E 1010 F under voltage sag cnn\dilinn i
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FIGURE 20 The effect of (a) voltage sag and (b) swell on dc-link voltage
3.1.5 | Case-V: Variable irradiance with voltage

sag and swell condition

In this case, the effect of grid disturbances along with the
change in irradiance is considered. The irradiance changes at
time # =1, 2's, and # = 6 s. At this time, the SSI’s sinusoidal
voltage remains constant due to the constant voltage gener-
ated by the dc-link voltage controller. The magnitude of SSI
output current changes according to the change in irradiance.
The voltage sag of 20% is created at a time, # = 3 s, and volt-
age swell of 20% is created at a time 7 = 4 s, in this work. The
effect of grid side disturbance on dc-link voltage is presented in
Figure 20. The output current of SSI at variable irradiance and
grid side disturbances is presented in Figure 21. The dc-link
voltage experiences voltage overshoot during the voltage sag
and retains its initial position due to a robust dc-link voltage
controller, as shown in Figure 20a. During the voltage swell,
the dc-link voltage experiences voltage undershoot and returns
to the initial, as presented in Figure 20b. The dc-link voltage

’ |

During normal condition During voltage sag

o |

2.85 2.9 2.95 3 3.05 . 3.1 3.15
(a) Time (seconds)

N

Output currents of SSI (A)

During voltage swell

| A

During normal condition

Output currents of SSI (A)
=]

2
-4
3.85 3.9 3.95 4 4.05 4.1 4.15
(b) Time (seconds)
FIGURE 21 The effect of voltage sag and swell on the output current of

SSI (a) Effect of voltage sag (b) effect of voltage swell

FFT analysis

Fundamental (50Hz) = 4.438 , THD= 1.48%

]
g5 1
g
<
el
5
F~
20.5
&
et ;
. |
Ll L L]
0 100 200 300 400 500
Frequency (Hz)
FIGURE 22 FFT analysis of the currents injected into the grid

regulator generates 1, e f, which commands the current con-
troller. According to the current controller’s command, the cur-
rent’s magnitude is increased during the voltage sag, as shown in
Figure 21a. Similarly, the current magnitude is reduced during
the voltage swell, as shown in Figure 21b. The FFT analysis of
the currents injected into the grid is presented in Figure 22.

3.2 | Experimental analysis

An experimental prototype with all necessary auxiliary equip-
ment used in this paper is presented in Figure 23. A PV array of
four panels, which is approved by Ministry of New and Renew-
able Energy (MNRE), is used to generate a power of 1 KW in
which each panel can generate 250 W. A self-powered SP-110
pyranometer designed by Apogee Instruments, USA, is used to
sense the variable solar radiation. The maximum calibrated out-
put range is 400 mV. To convert the sensor signal to short wave

radiation (Kz)’ multiply the sensor signal (mV) with calibration
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f pedaﬁce network

FIGURE 23

environment

An experimental setup to analyze the system in real-time

factor f:—;) A 5 mH, 10 A inductor, 450 V,330 uF capacitor

A
are used to provide an impedance network for the VSI, and

three MUR30120PTG ultrafast recovery diodes are used in the
impedance network board as shown in Figure 23.

A three-phase VSI, which is made up of three
SKM100GB12T4 IGBTs, is used in this prototype. A three-
phase voltage, current from the grid, and the load are sensed
by LV20-P and HE055T01 sensors and fed back to the con-
troller using operational amplifier T1082 and AD7366 analog
to digital converter (ADC). The measured voltage across the
capacitor and the grid voltage and currents are feedback to the
Spartan-6 XC6SLX25 field-programmable gate array (FPGA)
to generate controlled pulses to semikron IGBTSs by sinusoidal
pulse width modulation (SPWM). A three-phase resistive load
is used to perform the load analysis. A three-phase variable
autotransformer is used at the grid to generate voltage sag and
swell. Yokogawa WT 1800 precision power analyzer, DL850E
Yokogawa scope corder, and keysight DSOX2014A digital
storage oscilloscope are used to analyze the real-time results.
The analysis of grid-tied SSI under constant solar radiation is
investigated in Figure 24. The PV voltage (1/]) and current
(f;) are constant due to the aforementioned condition. As PV
Voltage generated by the PV panel is constant, the dc-link
voltage (1,) also remains constant. The two-level SSI voltage
(13) and current (/) under constant irradiance condition is
presented in Figure 24. Since no load is connected either across
dc terminals or at the ac side, the grid voltage (1) and current
(/y) remained transient free, and the total power generated by
the PV system is fed to the grid. The analysis of vatiable solar
irradiation on the SSI control scheme is investigated, and the
outcome is presented in Figure 25. A sudden decrease in solar
radiation results in a sudden change in PV current (CH2), as
shown in Figure 25. As a result, the dc-link voltage (CH3)
experiences a voltage undershoot and returns to the reference
value due to a well-tuned PI controller. The grid voltage (CH5)
remained constant, but the grid current (CHO6) experienced

V,=300V/div, =10A/div |

o

L V,=300V/div

L "”*’ . V3:'3020V/diiv‘,'13':;2A/d§iV" IS FUPRUUIS ORI

FIGURE 24
(5), grid voltage (1) and current (/) at constant PV voltage (17) and current

The dc-link voltage (113), two level voltage (13) and current

(1;) for case-1 as mentioned in Section 3

CHI:PV Voltage= 100V/Div. CH4:Dc load current= 2A/Div
CH2:PV Current= 10A/Div CH5:Grid voltage= 300V/Div
CH3:Dc load voltage= 600V/Div CH6:Grid Current= 5A/Div

<Main>
oH1 o | |
Irradiafion decrease

CH

<Zooa1> wh0ms/div

CHi CH2 \

. oHa. L
o

CHG.

FIGURE 25

lator and current controller for case-1 and case-1T as mentioned in Section 3

The effect of variable irradiance on the de-link voltage regu-

a decreased magnitude. The zoomed version of the transient
analysis is also presented in Figure 25. The rectangular section
of Figure 25 is zoomed-in and presented below to have a clear
understanding at the time of transient. The PV voltage and cur-
rent sensed by SP-110 at different solar radiations are presented
in Figure 26. The peak power tracked by the MPPT controller
at different solar radiations is also recorded in Figure 26. In
the conquest of exploring the bidirectional operation of SSI, a
dc load is connected across the dc-link capacitor. The dc load
received power from the grid at low irradiation and from the PV
source at higher irradiance. A transient analysis is performed
on the SSI based PV grid-tied system by a sudden change
in the dc load. A dc load is suddenly turned-on; as a result,
the PV voltage (CH1) experiences a voltage dip, and the PV
current (CH2) abruptly increases as in Figure 27a. The dc-link
voltage regulator stabilizes the dc-link voltage (CH3) even after
the voltage overshoot. The effect of the sudden increase of
dc-load on the grid current (CHO) is presented in Figure 27a.
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FIGURE 26

CHI1:PV Voltage= 100V/Div CH4:Dc load current= 2A/Div
CH2:PV Current= 10A/Div CHS:Grid voltage= 300V/Div
CH3:Dc load voltage= 600V/Div_CH6:Grid Current= 5A/Div
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(a) The effect of sudden turn-on of dc load on SSI based PV grid-tied
system

FIGURE 27
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The PV voltage (blue colour), PV current (pink colour), maximum power (green colour) at different irradiance (vellow colour) sensed by SP-110

CHI:PV Voltage= 100V/Div CH4:Dc-load current= 2A/Div
CH2:PV Current= 10A/Div _~ CHS5:Grid voltage= 300V/Div
CH3:Dc load voltage= 600V/Div CH6:Grid Current= SA/Div
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(b) The effect of sudden turn-off of dc load on SSI based PV grid-tied
system

The effect of sudden change in dc load on PV system and grid as mentioned in test case-I1I of section-3 (a) The effect of sudden turn-on of dc

load on SSI based PV grid-tied system (b) The effect of sudden turn-off of dc load on SSI based PV grid-tied system

Similarly, the effect of a sudden decrease of dc load is presented
in Figure 27b. The zoomed version of the above-mentioned
changes is presented in Figure 27a ,b itself. The effect of a
three-phase load on the designed controller and PV grid-tied
system is presented in Figure 28. The sudden increase in the
three-phase ac load increases the PV current (CH2), as shown
in Figure 28a. The dc-link voltage regulator controls the de-link
voltage (CH3); as a result, the PV current (CH2) restores to its
original state as in Figure 28a. A similar analysis is implemented
for a sudden decrease in ac load, and the results are presented in
Figure 28b. The effect of voltage sag and swell on the SSI based
PV grid-tied system is shown in Figure 29. A sudden change
in the grid voltage (CH4) perturbs the PV voltage (CH1). The
voltage regulator mitigates the transients in the dc-link voltage
(CH3). To compensate for the voltage sag, the grid currents
(CHO0) increases in magnitude to maintain constant power flow,
as shown in Figure 29a. For a clear understanding, the zoomed
version of the voltage sag phenomena is shown in Figure 29a.
The effect of voltage swell on the PV system with its zoomed
version is presented in Figure 29b. The FFT analysis of grid
voltage and current in real time is presented in Figure 30. The

FFT analysis of the grid voltage and currents are calculated
using the formula mentioned in the literature [31]:

oo 2
1 Zn:Z I/ﬂ,R.MS (20)
IHD = — 1,
2P
© 2
Z n=2 [ﬂ,RZV[Y
]]HD = —[ (21)
1,RMS

where Vi gys and Iy gy are the fundamental frequency signals
of the voltage and current, V,, gys5 and I, g5 are the square root
summation of all the frequencies other than the fundamental
(n=2,3...00).

The THD values of grid voltage and current are found to be
2.763 and 2.993 from the numerical data presented in Figure 30,
which are less than the standard values of THD, according to
IEEE 519-2014 [32]. The efficiency is usually calculated as the
ratio of the input power and losses with input power or the out-
put power to the input power [31]. The system’s efficiency at



1312

NANNAM ET AL.

CHI1:PV Voltage= 100V/Div CH4:AC load current= 2A/Div
CH2:PV Current= 10A/Div  CHS5:Grid voltage= 300V/Div
CH3:Dc-link voltage= 600V/Div CH6:Grid Current= 5A/Div

il

a2 Ac load increase

o> “0ms/div

(a) The effect of sudden increase of three-phase ac load on SSI based
PV grid-tied system

FIGURE 28

CHI:PV Voltage= 100V/Div CH4:AC load current= 2A/Div
CH2:PV Current= 10A/Div CHS5:Grid voltage= 300V/Div
CH3:Dc-link voltage= 600V/Div  CH6:Grid Current= 5A/Div

w2 AC load decrease

Zoon> “S0ms/div

(b) The effect of sudden decrease of three-phase ac load on SSI based
PV grid-tied system

The effect of sudden change in three-phase ac load on PV system and grid as mentioned in test case-IV of section-3 (a) The effect of sudden

increase of three-phase ac load on SSI based PV grid-tied system (b) The effect of sudden decrease of three-phase ac load on SSI based PV grid-tied system

CHI1:PV Voltage= 100V/Div CH4:Dc-link current= 2A/Div
CH2:PV Current= 10A/Div_~ CHS5:Grid voltage= 300V/Div
CH3:Dc-link voltage= 600V/Div CH6:Grid Current= 5A/Div
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(a) The effect of Voltage sag on SSI based PV grid-tied system

FIGURE 29
of Voltage swell on SSI based PV grid-tied system

different solar radiations is presented in Figure 31 and is found
to be approximately 94%. The spikes at time instants # = 1, 2,
6 s are due to the sudden change in the solar radiation. The
comparative analysis of conventional [10] and proposed control
schemes is presented in Table 3.

4 | CONCLUSION

A new single-stage SSI is used in this paper. The advantages
of this topology ate stabilized dc-link voltage, lesser voltage
stress, minimal requirement of passive elements, similar switch-
ing state, switch count, and modulation schemes of VSI. A new
peak power control is designed to track maximum power from
the PV system and to generate a duty cycle for the inverter. A
robust grid-oriented control is designed and investigated with
five case studies. In all the cases, the optimal performance of
the dc-link voltage controller and the current controller can
be observed from the simulation and experimental results. The
effects of load dynamics (dc and ac) and grid disturbances of the

CHI1:PV Voltage= 100V/Div CH4:Dc-link current=2A/Div
CH2:PV Current= 10A/Div__~ CHS5:Grid voltage= 300V/Div
CH3:Dc-link voltage= 600V/Div CH6:Grid Current= 5A/Div

ain>

o

o2 Voltage swell
s

Zooa> w100ms/div

(b) The effect of Voltage swell on SSI based PV grid-tied system

The effect of grid disturbances on the SSI based PV grid-tied system (a) The effect of Voltage sag on SSI based PV grid-tied system (b) The effect

TABLE 3  Comparative analysis of the conventional [10] and proposed
control schemes

Performance index Conventional [10] Proposed
Peak overshoot (V)(variable irradiance) 50 30
Undershoot (V)(vatiable irradiance) 45 20

Peak overshoot (V)(voltage sag) 10 5
Undershoot (V)(voltage swell) 10 4

THD (%) (simulation) 2.4 1.48
THD (%) (Experimental) >simulation [10] 2.93
MPPT block No Yes

Dc and ac load analysis No Yes
Transients analysis of PV system No Yes

grid-tied SSI on the PV system are thoroughly analyzed in this
work. Especially, the reverse operation of SSI is analyzed by con-
necting a dc load across the de-link capacitor. The future work
can be focused on replacing the perturb and observe maximum
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Order 11 [A] hdf[%] Order 11 [A] hdf[%]
PLLA:UT | 49.866 Hz | Total[ 2.8142 de [ - -]
A 0.0049 0.174 42( 0.0076  0.269
43 0.0033  0.118 44( 0.0050 0.178
Urms1 109.32 vV 450 0.0012  0.044 46( 0.0032 0.112
Irmst 2.8162 A 47| 0.0017  0.061| 48| 0.0092 0.3%7
P1 306.24 W 49| 0.0037  0.133 50| 0.0045 0.161
S 307.86 VA 511 0.0036 0.128 52| 0.0037  0.131
o -31.50 var 53] 0.0029 0.1 54| 0.0088  0.312
Al 0.9948 55| 0.0043  0.153 56| 0.0078 0.278
L 05.87 ° 57] 0.004 0.146| 58| 0.0064 0.229
— o e e e e — 99| 0.0064  0.226 60| 0.0039 0.138
|Uthd1 2.163 % | 61| 0.0046 0.164 62| 0.0027  0.096
|_Ithd_1 9.933 % [l 63[ 0.0059 0.911 64| 0.0023  0.080
Pthd1 0.004 % 65| 0.0061  0.218 66| 0.0034  0.120
Uthf1 1.561 % 67| 0.0058  0.207 68| 0.0052 0.186
Ithf1 2.52 % 69) 0.0039 0.139| 70| 0.0068 0.2¢
Utif1 67.240 71 0.0025 0.088 72( 0.0028 0.098
Itif1 116.282 73| 0.0067  0.240 T4 0.0050 0.177
hvf1 1.009 % 75 0.0042  0.149 76| 0.0072  0.268
hef1 1.086 % 77 0.0030  0.107 78( 0.0075  0.267
Kfact! |  1.8392 79| 0.0036 0.130| 80| 0.0047 0.168
[<PAGER] 1/8 EPAGE; 2/13
FIGURE 30 The real-time data for the THD analysis of the grid voltage

and currents
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FIGURE 31
ditions

The efficiency of the entire system at variable irradiation con-

power algorithm and PI based control system by an advanced
power tracking controls and self-adaptive regulators to enhance
the accuracy, efficiency, and reliability of the system.
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