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ABSTRACT

In the present study, standalone operation of the solar photovoltaic system with storage is evaluated with the recently introduced seven-level packed
U-cell (PUC) multilevel inverter. Zeta converter is used to regulate the output voltage of the photovoltaic (PV) array with the help of the MPPT algorithm.
Level-shifted modulation scheme is applied for the PUC inverter. The standalone operation is taken into consideration keeping in view the application/
penetration of the solar PV system in remote areas. The Ministry of New and Renewable Energy (MNRE), Government of India has set up the plan to
establish the standalone solar PV system for off-grid application in the regions to meet the power requirement of those communities and regions that
are difficult to connect with the grid. The climatic condition in the central and western parts of India is conductive for solar PV generation. In contrast
to the other well-known inverter topologies, such as neutral point clamped, flying level capacitors, and cascaded H-bridge, among others, PUC inverter
requires the least number of switches and capacitors for the same output levels. The system is modeled in the MATLAB®/Simulink using the Waaree
Energies WSM-315 modules to supply a load of 2 kW. To optimize the solar PV-based system, incremental conductance optimization technique is used.
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Introduction

Energy is one of the most fundamental parts of our universe. The use of energy is essential
for our lives especially electrical energy. All electronic devices require electricity for power.
Among the renewable energy sources, solar energy is easily available at different locations
in comparison with geothermal and wind energy that are too site specific. To meet the re-
quired demand of electrical energy and the environmental challenges (increasing pollution),
solar-based energy system is a viable option [1]. The widespread applications of the solar pho-
tovoltaic (PV) array in off-grid application are due to its simplicity in installation and operation
[2]. The recent focus of researchers worldwide is to optimize the three following things in a
solar system: (1) increasing the efficiency of the system, (2) reducing the installation cost, and
(3) increasing the reliability. The topology used in the present study is meeting all the above
three mentioned requirements (efficiency, reliability, and overall cost).

Multilevel inverters are used to achieve high power from medium voltage source. They are
emerging because of their advantages compared with conventional inverters. Multilevel out-
put is achieved by synthesizing various voltage levels [3]. Although they do not provide the
pure sinusoidal output voltage, there is a considerable improvement in total harmonic distor-
tion (THD) compared with its two-level counterpart, thus mitigating the power quality issues
[4]. The IEEE standard 519-2014 “Compliances, updates, solutions and case studies” put a limit
on harmonics voltage and current at the point of common coupling. This standard fixes the
harmonics limit of 5% for current and 8% for voltage waveforms [5].

Packed U-cell (PUC) inverters have a number of advantages in comparison with traditional
multilevel inverters, such as low device count [6], reduced complexity in control, and overall
good power quality [7]. PUC multilevel inverters were introduced in 2008 by the deduc-
tion of CHB in which two switches have been removed and two cells are connected directly
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[8]. PUC seven-level inverter only needs one DC source and
one capacitor with reduced structure as compared with other
multilevel inverters for the same number of levels in output
voltage [9].

The complete model of the system obtained in the present
study is shown in Figure 1. It consists of PV modules, such as
a power source, and the MPP tracking algorithm is applied
on zeta converter and PUC converter. The complete system
is modeled and analyzed. For the modulation of PUC invert-
er, two modulation schemes (belonging to the family of lev-
el-shifted modulation), namely, (1) in-phase disposition pulse
width modulation (IPD-PWM) and (2) phase opposition dis-
position PWM (POD-PWM) have been applied with intelligent
switching combination of power converters.

A comparative analysis of the above-mentioned modulation
schemes applied on the PUC-7 inverter is presented, and a
comparison is done based on the power quality of output. The
comparison done in the present study is based on the real pa-
rameters of the system.

The present study presents the solar PV system by using the
recently introduced PUC inverter interfacing with the zeta con-
verter, working as boost converter. A PUC inverter-based PV
system using zeta converter is still unexplored. In the present
study, a designing of the PV system with zeta converter is de-
signed, modeled, and simulated in MATLAB®/Simulink environ-
ment.

Solar modules from the Waaree Energies WSM-315 have been
obtained that are easily available in India and have the highest
power rating among all available solar PV panel. The simula-
tion is performed at a solar irradiation of 900 W/m? and at a
temperature of 28 °C, which are an average insolation and tem-
perature value in the northern region of India.

The study is organized as follows. Section 2 explains the design
of the solar array and zeta converter. Section 3 shows the oper-
ation of the PUC inverter. Section 4 discusses the modeling of
the PV cell and MPPT technique. Section 5 presents the theo-

retical analysis of carrier-based PWM schemes. Section 6 shows
the experimental validation of the inverter system. Finally, Sec-
tion 7 presents the conclusion.

Design of the system

The design of the system consists of the design of the PV array,
design of the zeta converter, and PUC inverter operation.

Design of the PV array

A typical house has a load of 2 kW; hence, the system is mod-
eled for the 2 kW load. The Waaree Energies-315 solar PV mod-
ule has been selected. The specification of the Waaree Energies
WSM-315 module of PV cell is given in Table 1.

The number of modules connected in series/parallel can be
calculated by defining the voltage of the solar PV array at MPP
under standard test condition as V,mp =140V

= 14.28 A. M

(2):

140
—_mpp _ 1%V
Ns = Viwp 35 4 2

Table 1. Specification of the Waaree Energies WSM-315 mod-
ule PV cell

Parameters Values
Peak power P 315W
Voltage at MPP 35V
Short circuit current 9.77 A
Current at MPP 9.0A
No. of cell connected 72
Shunt resistance R 313.3991 Q
Series resistance R | 0.39385Q

7" Storage for
L off Grid
Application
Solar PV A Zeta converter
array MPPT
Algorithm Sinelel™ 7-level
gle
phase . PUC
Vi Ly load T nverter
Figure 1. Block diagram of single-phase solar PV-based PUC inverter
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The number of modules parallel required is calculated in Eq. (3):
I 14.28
Np=1P2__ "~ 3)

Therefore, the solar PV array has two parallel paths with each
path consisting of four modules.

Design of the zeta converter

Zeta converter is shown in Figure 3. It belongs to the family of
buck-boost converter, but it draws continuous current in con-

Rf L ir

AAA
A\AAJ

VL -

3LL

Figure 2. Packed U-Cell converter topology

trast to the buck-boost converter. The continuous current is be-
cause of the output inductance that ensures ripple-free current.
With respect to component count, it comprises the same num-
ber of components as Cuk converter [10]. Moreover, in contrast
to the Cuk converter, it operates in non-inverting mode means,
and output voltage has the same polarity as input in contrast to
the buck-boost converter; hence, the problem of negative volt-
age sensing is eliminated [11]. Different buck-boost converter
configurations and their application to the inverter operation are
reported in the literature. The reasons for using the zeta convert-
er are its advantage over other converters as follows:

1. A conventional buck-boost converter has a low compo-
nent count. However, the output current is pulsating in
nature that increases the ripple in output voltage.

2. SEPIC also depicts a pulsating output current. As the out-
put stage of the power supply is very sensitive, this pulsat-
ing current is not desirable.

3. The flyback converter suffers from leakage inductance
problem that imposes a limit on its rating.

To eliminate these issues, a zeta converter is employed as a
buck-boost converter in the present study. It provides a con-
tinuous output current with a low ripple output voltage along
with a high-level performance that is highly recommendable
for solar PV applications. Its design includes the calculations of
various components, such as L, L, and C,. It always operates in
CCM to reduce the stress on its elements

The design of the zeta converter is done by first estimating the
duty cycle D as given by Eq. (4) [12]
Vac 250

D= = = 0.64 (4)
VdL‘+Vm_pp 250+140

Zeta converter

SPV array

||
i
|
L
P01 OV

T2 TS5
Ve

Vsolar >
Isolar >

INC
MPPT

PWM
generator

Storage
battery

Figure 3. Proposed solar PV with zeta converter topology
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Table 2. Switching table for PUC-7 inverter

States Voltage T1 T2 T3 T4 T5 Té
0 Va 1 0 0 0 1 1

1 Va-Vc 1 0 1 0 1 0
2 Ve 1 1 0 0 0 1
3 0 1 1 1 0 0 0
4 0 0 0 0 1 1 1
5 —Va 0 1 1 1 0 0
6 Vc-Va 0 1 0 1 0 1
7 -Vc 0 0 1 1 1 0

Iv Rs
> A% .
1d
Ipv Vv § Rp
Figure 4. Single PV cell model
1 " I)mpp
Alp\ -/A"p\‘

,_2 > —l')\v/\"?\' I Ai])\‘//\vp\'
& = < A o T
5 Aipy/Avpy il L
= =—lnv/Vpy

[} v -~
o

>
Voltage (v,y) Voc
Figure 5. lllustration of the INC MPPT technique

Where V, is an average output voltage of the zeta converter
equal to the rating of the load connected. The average value of
the current flowing through the DC link of the inverter is given
by [12]:

Pmpp 2000
l;,. = —= —— =8A.
ac = Y. 250
ThenL,, L, are C, calculated in Egs. (5), (6), and (7):
_ DXV O64x140 o 5)

L= fawxAl,;  5000x14.28%0.06

1-D)XV, 1-0.64)%250

L, = G2ac _ X250 _ 375 mH ©)
fswXAlIL2 5000%x8x%0.06

oo DXl __ 064x8 o

1T F XAV, 5000x250x01 M 7

Where f, is the operating frequency of IGBT used in the zeta
converter, Al is the value of allowed ripple in the current
through L, is Al , the value of allowed ripple in the current
through L, and/, = Immp and/,=1,.

Operation of the PUC inverter

The circuit topology for seven-level PUC inverter is shown
in Figure 2. For seven-level operation, the capacitor voltage
has to be maintained at one-third of the DC link voltage. The
seven-level output can be obtained by switching scheme as
shown in Table 2. The relationship between number of voltage
level and number of capacitor is given by Eq. (8) [13,14]:

Ny = 2Net2 —q (8)

Where is N, the number of output voltage levels, and N_is the
number of capacitor used.

With reference to Figure 2, the switching function of the PUC invert-
er is defined by Eq. (9), and inverter output is defined by Eq. (10)

T; =0 if T;is of f 9
=1 if Tjison
Vaa = Vap + Ve + Vea (10)

Based on the switching table shown in Table 2, each voltage
can be expressed as

Vap =V1(T1 — 1) ()
Voe = (V1 = 1V2)(1 —T3) (12)
Vea = V(1 —T;) (13)

Hence, by combining Egs. (11), (12), and (13), Eq. (10) can be
presented as:

Ipy = Ipp — Ig=lpn — I5 (exp (%) - 1) (14)

Modeling of the solar PV array and INC MPP tracker

The modeling of the single-cell model of the PV cell is shown in
Figure 4. The PV cell current is given by Eq. (15) [12,16]:
qVy
Ly = Ly — Ig=lyp — I (exp (%) - 1) (15)
ForN_and Np, the number of connected cells in series and paral-
lel, respectively, Eq. (15) is modified and given as Eq. (16):
_ _ q(V+RsI)) _ ) __ V+Rsl

I'= Nplpn = Nyl (exp (L220) -1 e
Where I, is the photocell current that only depends on solar
insolation, /_is the diode reverse saturation current, and R_and
R are the total series and parallel resistance of the PV array.

Maximum power point is defined by the point on the power
curve at which d;‘;”:o , the slope d:;” is positive or negative on the
left or right of this point, and the maximum point is calculated

by Eq. (17)

dPev ~ 4y AL (17)
dv AV

Incremental conductance (INC) MPPT algorithm has a relation-

ship between instantaneous conductance v and ICC 2w

given by Eq. (18) and shown in Figure 5. Yow Ao
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Measure
voltage (V) and
Current (I)
v
Calculate dI
and dV
NO dv=0 YES—*
YES dl/dv=I/'V dI=0 YES
NO NO
dI/dV>-1/'V dI>0 YES
NO
v v YES Nvo v v
Increase Decrease dV>0 Decrease Increase Increase
duty cycle| | duty cycle Jis duty cycle duty cycle | | duty cycle
NO

v y

Increase Decrease
duty cycle duty cycle

L,

> StoRl<

Figure 6. Flowchart of incremental conductance algorithm

AL, 1, .
= at MPP point

v pv
Alpy Ipv
AVZV > —ﬁ at left of MPP point (18)

AIPV IZ’V . .
m,, <%, atright of MPP point.

v

The error between INC and instantaneous conductance must
be reduced to zero to enhance the tracking dynamics [17]. The
flowchart of the INC algorithm is shown in Figure 6.

Simulation and analysis of the proposed system
Solar PV array and storage system

The 1-V and P-V characteristics of the Waaree energy solar PV
module are shown in Figure 7. The solar PV cell is simulated for
an average insolation of 900 W/m? with a temperature of 28 °C.
The battery will provide power when solar insolation is not pres-

ent and it gets charged when extra power is available. The battery
also enhances the dynamic stability of the inverter and improves
the response [18]. Figure 8 shows the battery discharging charac-
teristics. The specification of the battery is 250V, 15 Ah. The open
circuit voltage is calculated fromits nonlinear Eq. (19) based on the
actual state of charge. Actual battery voltage that depends on the
charge/discharge current is given by Egs. (20)-(22) [19].

Q .
Eoc = E, — km + Ae Bt (19)
=E,o — 2 - 9k 4 ~Bit 20
Eqct = Eoc Q—it'lt Q—it'l + Ae (20)
Qk . Qk (21)

Eget = Eoc — it + Ae”Bit

o—t " wroi0
Q=it= f idt

Where E__ is the open circuit battery voltage, E_ is the nominal volt-

age of the battery, and £_, is the actual voltage of the battery at dis-

(22)
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Array type: Waaree Energies WSM-315;
4 series modules; 2 parallel strings

20 —
Elo- asc A\
2 30 C
= .
3 25 ¢ \
ol AR\
0 50 100 150 200
Voltage (V)
3000 :
Z 2000 }
—_
o
Z 1000 |
P
0 R AR
0 50 00 150 200

1
Voltage (V)

Figure 7. -V and P-V characteristics of PV array.

Nominal Current Discharge Characteristic at 0.43478C (6.5217A)

300 F Discharge curve
) % [ INominal area
= 250 | [ Exponential area

200

0 0.5 1 1.5 2 25 3 35

Time (hours)
E0O=271.0898, R = 0.16667, K = 0.12486, A = 20.994, B = 4.0708

300 F - -6.5 A
é, ) 13 A
S N -~ 32.5 /
52501 3294
>
200 N . s 2 s
0 0.5 1 1.5 2 25 3 35

Time (hours)

Figure 8. Battery discharging characteristics.

tinct Crate. Q indicates the maximum battery capacity in Ah. Kin-
dicates the polarization constant. i"is the filtered battery current. A
and B indicate the exponential voltage and capacity, respectively.

Zeta converter and MPPT performance

Zeta converter shown in Figure 3, is connected directly to the
solar PV array. It boosts the voltage to a usable value and also
charges the battery when more power is generated by solar ar-
ray. Switching signal for zeta converter is obtained from the INC
algorithm block shown in Figure 3.

Figure 9 shows the duty ratio and corresponding output volt-
age of the zeta converter as shown in Figure 10. From Figure 10,
it can be observed that due to variation in the load condition
at t=0.2 s, the graph fluctuates and attains a new stable state.

Modulation schemes and control

The system discussed so far is modeled and simulated in MAT-
LAB®/Simulink by using IPD- and POD-PWM schemes.

08

/wwwww\'ﬁwwvwwwwwwwmmw

Duty ratio

o o

N E-N
\\

0 0.1 0.2 0.3 0.4 0.5

Time (Sec)

Figure 9. Duty ratio

= 200
3]
o
B
S 100
>
&

0

0 0.1 0.2 0.3 0.4 0.5
Time (Sec)

Figure 10. Zeta converter output

The phase voltage of two-level voltage source inverter with
PWM and triangular modulating signal can be described as [20]:

Fl= 2 cos(wpt) + 2 ¥y Jo (mM Dsin (m D)

2V J i
+ n
.cos(mawt) + 72?71:1 e mz

.sin ((m +n) g) cos(mw, + nwgt) (23)
Where M=modulation index, w =freq. of carrier (rad/s), w=
=freq. of fundamental (reference), V=supply voltage (V), and J,
J =Bessel function of the first kind.

Eq. (23) comprises three terms:

(@) The first term gives the amplitude of the fundamental
component that is proportional to modulation index M.

(b) The second term shows the amplitude of the harmonics
content at the carrier and multiple of the carrier frequency.

(c) The third term gives the amplitude of the harmonics at
side band.

Level-shifted IPD-PWM multicarrier schemes for PUC inverter
are shown in Figure 11. Figure 12 shows the POD-PWM scheme.
The frequency of carrier wave is obtained as 5000 Hz.

For seven-level output, capacitor voltage has to be maintained
at one-third of the DC link voltage [21]. A PI controller is used
for this purpose. The controller block diagram is shown in Fig-
ure 13.The Pl controller reduces the error and improves the dy-
namic stability of the inverter [22].
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Figure 11. IPD-PWM scheme for PUC-7 inverter

Figure 12. POD-PWM scheme for PUC inverter

Switchin
To IGBT <@ Tableg <4 Compare |

Vdc/3

> PI PI

+ Controller + Controller

.- Load -
Capacitor Current
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Figure 13. \oltage balancing controller
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Figure 14. Active and reactive powers of inverter

The simulated capacity of the inverter with respect to active
power and reactive power is shown in Figure 14. The model is
simulated for 2 kW load that can be seen from Figure 14.

Performance under the IPD-PWM schemes

Figure 15 shows the output voltage and current waveform of
the PUC inverter, at time t=0.2 s. The load is doubled (by con-
necting additional 40 Q resistive load in parallel) resulting in

n
8

Output voltage (V)
o

-200
0.16 018 0.2 022 024 0.26
Time (Sec)
(a)
20 - . T . T
E 10 /\1 I{‘\'l f/\.
2 oh /\\
® " 4
Q.10
- AV \ \Vi
0.16 018 0.2 022 024 0.26
Time (Sec)

(b)
Figure 15. a, b. (a) Output voltage (a), load current in IPD-PWM (b)

an increase of load current as shown in Figure 15. Initially, the
currentis 5.8 A and at t=0.2 s. It becomes 11.33 A rms. The THD
in the load current is found to be 0.5% at steady state. The FFT
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Figure 16. a, b. FFT window for (a) voltage and IPD-PWM scheme (b)
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Figure 17. a, b. \oltage (a) and load current in the POD-PWM
scheme (b)

analysis of the voltage waveform shows that THD is 17.79% and
rms value is 178.1 V.

Capacitor voltage balancing

Figure 13 shows the detailed block diagram of controller used
for capacitor voltage balancing (at one-third of the main DC
bus voltage) to obtain the seven level at output. Figure 19
shows the capacitor voltage waveform for the POD-PWM
scheme. Capacitor voltage varies between 79 V and 87 V with

a

T 100 02

5 THD= 18.65%

g 0.1

50 S]]

=

= 0 500 1000

%

= ol . . . .

] 200 400 600 800 1000
Frequency (Hz)

b

.Tg 100

g THD=0.51%

]

g 0.1

L 50 ol L Lo

2 0 500 1000

o

Q

= o : : . .

0 200 400 600 800 1000
Frequency (Hz)
Figure 18. a, b. FFT window for voltage (a) and current in the
POD-PWM scheme (b)

Table 3. Simulation parameters

Parameters Rating
Capacitor 5000 pF
Load resistance 30Q
Load inductance 15 mH
Switching frequency 5000 Hz

Load change 200to40Qatt=0.2s

Table 4. FFT result for IPD- and POD-PWM schemes

Level-shifted PWM Schemes  Parameters = THD %

IPD-PWM scheme Voltage 17.79
Current 0.50

POD-PWM scheme Voltage 18.65
Current 0.51

an average value of 83V (which is desired). It is unaffected with
the load change, which is occurring at 0.2 s, showing the good
dynamic performance of the controller.

Performance under the POD-PWM schemes

The POD-PWM scheme carrier waveform for PUC-7 inverter is
shown in Figure 12. Reference signal is generated by the volt-
age balancing controller compared with these carrier signals
to produce the switching signals. Figure 17 shows the output
voltage and load current for the IPD-PWM scheme. This scheme
is simulated for the same load as the IPD-PWM scheme. To an-
alyze the transient behavior, load is changed from 20 Q to 40
Q at t=0.2 s as shown in Figure 17. FFT analysis of the voltage
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Figure 19. Capacitor voltage in the POD-PWM scheme

Power Converter
IGEBT Module

Figure 20. Experimental setup

"B

Figure 22. Switching signals of PUC-7 level on DSO

. - waveform is presented in Figure 18. The THD in the voltage
E:?;r:vezr:érOUtpUt veliEge and cumeEnic om DE0 6 sevem- el wave is found to be 18.65% with an rms value of 175.2 V. FFT
window for load current is shown in Figure 18 with 0.51% THD,
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Table 5. Parameters of the component used in the experi-
ment

Parameters/Components Rating

Two DC Voltage Supplies 0-15V,0-30V
Fundamental frequency(f) 50 Hz
Switching frequency (f) 1 kHz
Rheostat 1.5kQ

Switches (S,to S)) SKM75GB063D (SEMIKRON)

Optocoupler TLP 250 (TOSHIBA)

DSP TMS320F28335(TI)
Sampling time Tusec
Dead time 2usec

and rms value is 11.4 A. Initially, when the load is not increas-
ing, the current is 5.72 A.

Experimental validation

The hardware setup for the PUC multilevel inverter as shown
in Figure 1 is presented in Figure 19. The laboratory prototype
is fully fabricated in the laboratory. The developed prototype
is of a general purpose, user interface, and can be used for the
development of other converters, such as DC/DC, AC/DC, and
multilevel converters, and so on. This laboratory prototype is
used to implement the circuit presented in Figure 1, and the
results are experimentally verified. Table 5 lists the parameters
of the component used in the experiment. Figures 20 and 21
show the switching pulses required for seven level and the
output voltage across the load and current through the load,
respectively. Rheostats are used as a load.

Conclusion

The aim of the present study was to analyze and compare be-
tween two level-shifted modulation schemes applied on the
solar PV-based seven-level PUC inverter interacting with zeta
converter. The comparison is performed on the basis of pow-
er quality and some feature of zeta converter operation. Table
4 presents the power quality of the proposed system. Based
on the simulation result, it is observed that IPD-PWM scheme
has 17.79% THD in voltage and 0.50% in load current, where-
as POD-PWM scheme has 18.65% THD in voltage and 0.51%
in load current waveforms. Device switching frequency and
device conduction period in case of IPD-PWM are different for
each switch, and the rotation of the switching patters is more
uniform as compared with the POD-PWM scheme. This is the
reason of getting better performance under the IPD-PWM
scheme. Simulation results suggest that the IPD-PWM scheme
is favorable for application due to good power quality. The
overall system is compact, has good dynamic response, is re-
liable, and has good power quality. It has the least number of
device counts as compared with other conventional multilevel
inverters. The topology is verified in MATLAB®/Simulink envi-
ronment.
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