A Transformerless Photovoltaic System
Employing a Cubic Cell Boost Converter for Low
Voltage Application

Anjana Saikia and Santanu Sharma”
Department of Electronics and Communication Engineering, Tezpur University, Tezpur, India
Email: anjana.saikiall3@gmail.com (A.S.), santanu.sharma@gmail.com (S.S.)

Abstract—A photovoltaic (PV) system is commonly used to
satisfy the power demand of the utility. This paper
investigates the utilization of a high voltage gain Cubic Cell
Boost Converter (CCBC) in a transformerless photovoltaic
(PV) system for low voltage applications. The proposed
system is a combination of a CCBC and a three-phase
inverter creating a two-stage three-phase PV system. The
CCBC is linked with the low-scale PV sources to step up its
input DC voltage and maintain a constant DC bus voltage
by employing the Perturb and Observe (P&O) Maximum
Power Point Tracking (MPPT) control algorithm. The DC
bus is further connected to an LCL filter based three-phase
inverter using a synchronous reference frame (dq) control
scheme to power the three-phase utility. The proposed
combination is validated by simulating in MATLAB/
SIMULINK environment for a 5.5 kW PV source and
achieved an efficiency of 91% with 1.91% of inverter Total
Harmonic Distortion (THD) at unity power factor. In the
proposed system, CCBC with P&O MPPT control provides
a high step-up DC bus voltage with less input current ripple
and output voltage ripple and maintains a constant DC bus
under variable solar irradiance. This work does not account
for the common leakage current that is often produced in a
transformerless PV system.

Index Terms—dqg control, inverter THD, perturb and
observe (P&O), photovoltaic, ripple, transformerless system

. INTRODUCTION

Renewable energy sources are an inadequate solution
to fulfill the world’s energy crisis which is constantly
growing with the increasing population rate. Moreover,
renewable energies are clean energy sources that have
zero emissions of greenhouse gases to the environment.
Consequently, non-conventional energy sources are being
extensively researched in the discipline of power
electronics to improve their technology and cost-
effectiveness. Most grid inverters (GI) commonly have
two stages: a DC-DC converter stage and an inverter
stage where conventional DC-DC power converters are
commonly used to adjust the output voltage or current
concerning the input side requirement of the inverter [1].
An inverter is used in the PV system to invert the DC
output of the PV panel or the DC-DC converter into a
synchronized sinusoidal waveform to send it to the grid.
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The Gl topologies used in PV applications can be
categorized as following [2]:

1) Single-stage inverter: In this topology, one grid-
connected inverter controls the grid-current single-
handedly.

2) Dual-stage inverter: In this topology, there are two
stages i.e., a DC-DC stage and an inverter (DC-AC)
stage. The first stage works based on MPPT control
and the second stage i.e., the inverter performs the
grid current control.

3) Multistage inverter: In this topology, various DC-
DC converters are connected to one inverter.

PV arrays are affected by various environmental
factors such as variable irradiance, ambient temperature,
wind velocity, soiling, etc. which can lead to inconsistent
DC output. DC-DC converter is commonly employed to
carry on a stable DC-bus voltage for the system. To get
optimized power in every instant an MPPT controller is
used with the DC-DC converter. In a two stage
Photovoltaic system, numerous topologies on DC-DC
converters are commonly used with the Gls to transmit
power to the utility. A DC-DC stage used with GI shows
a controlled DC bus voltage at a lower level, and hence it
is viable to design with a reduction of filter size than the
filter designed for the full MPPT wvoltage while
maintaining good system efficiency. Back to the literature,
Merai et al. [3] proposes a design methodology to control
DC-link voltage for a single-phase PV system with
different configurations. In [4], step-up grid-connected
double-stage PV inverter and its control approaches are
explained. A grid-connected modular multilevel
converter and a balanced three-phase system for large-
scale PV applications have been illustrated in [5]. A
three-phase grid-tied PV system analysis for a sinusoidal
improved dual-stage inverter is implemented in [6] to
handle the phase imbalances using a low-power DC-DC
converter. In [7], a voltage control of a boost converter
with floating interleaved technology for a fuel cell system
has been implemented and validated with a 100W
prototype converter. For an enhanced voltage gain, a Z-
source converter-based system is explained in [8] for PV
applications. In [9], a hybrid multilevel two-stage grid-
connected DC/DC converter topology utilizing SiC
devices introducing zero voltage switching (ZVS) is
implemented.



A DC-DC high voltage gain converter is generally
preferred in renewable energy applications to step up the
source voltage level to kilo volts. In [10], a flying-
capacitor-based  multilevel  boost  converter s
implemented employing reduced passive elements in the
circuit with a DC voltage gain equal to the conventional
boost converter. A DC-DC boost converter is modified
with an algebraic series parallel switched capacitor for
wide input voltage with enhanced power density [11]. A
combination of a high step up cubic voltage multiplier
cell boost converter combined with a switched capacitor
to reduce voltage stress has been introduced in [12]. The
cubic cell boost converter can be applicable for low and
medium PV applications as it has significantly high DC
voltage gain and the lesser numbers of passive and
switching elements make the converter compact and
lower in voltage stress and conduction loss. As the PV
energy depends on solar irradiance and fluctuates under
different environments, to receive maximum and stable
output from the fluctuating PV array, a closed loop
control along with the MPPT technique can be used. Ref.
[13] states an interleaved multilevel converter with a
voltage multiplier cell implemented for step-up
applications. A three-phase two-stage PV inverter with
SEPIC and CUK converter is explained in [14] for large-
scale PV applications. In PV applications Gls are used to
serve AC utility. In [15] a quasi-z source inverter is
introduced for a single-stage PV application. A modified
multilevel inverter with a fuzzy logic controller is
explained in [16]. A model predictive controller is used
for three-phase Gls [17]. An optimal dg control for three-
phase Gl is explained in [18] and [19] for low and
medium PV applications. A general block diagram of a
conventional two stage three phase PV system is
explained in Fig. 1.

This paper proposes a 5.5 kW two-stage PV system
with a combination of a high gain Cubic voltage

multiplier cell as mentioned in [12] modified with
conventional boost topology (CCBC) and a conventional
3-ph inverter. This system is an alternative solution for
distributed Gls employed in small and medium-sized PV
applications. The proposed combination involves PV
arrays serving as a renewable energy source, a CCBC,
and a 3-ph full bridge inverter using an LCL filter and dq
control scheme to shape the voltage and feed the grid.
The PV panel is connected to the CCBC to step up the
PV voltage. The maximum power is drawn out from the
PV panels even under variable irradiance adopting a P&O
MPPT controller and the DC bus voltage is maintained by
the Pl controller connected with the MPPT controller.
The proposed combination aims to provide an alternative
scheme for low (<10 kW) and medium-scale (<500 kW)
PV applications with higher conversion efficiency, lower
input current and output voltage ripple and a robust
control on DC bus voltage with lower inverter THD. Fig.
2 displays the complete circuit diagram for the proposed
two-stage three-phase PV system combination showing
the control schemes that have been implemented with the
CCBC and the inverter topology.

This paper is structured as: Section Il explains the
circuit topology of the CCBC along with the MPPT
algorithm. In Section IlI, inverter operation and its
control have been discussed. Section IV explains system
simulation and its results followed by the conclusion and
future work of Section V.
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Fig. 2. Circuit design of the proposed two stage combination for a three-phase PV system.
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Fig. 3. Circuit diagram: (a) Cubic Cell Boost Converter (CCBC) (b)
CCBC during switch ON mode (c) CCBC during switch OFF mode.

Il. THE CuBIC CELL BOOST CONVERTER ANALYSIS

Fig. 3(a) shows the circuit diagram of CCBC used in
the proposed combination for the two stage three phase
PV system. This converter is a modification of a cubic
voltage multiplier cell consisting of three inductors, two
capacitors, and four diodes with a conventional boost
converter. The passive components of the CCBC are
labeled as the inductors Li, Lo, Ls, capacitors Ci,, Ci, Co,
Cqc and the diodes D; Dy, D3, Dsand Do. The inductor L3
is the input inductor for the CCBC and Dy is the output
diode, Cqc is the output capacitor connected to the
inverter input and works as a DC link capacitor providing
DC bus voltage for the proposed combination. The CCBC
is fed PV energy through the input capacitor Ci, with
input voltage Vin. Let, Vo be the output voltage across the
resistive load R assumed to explain the DC operation of
the CCBC.

A. Circuit Topology

The switch S involves two working modes: switch ON
mode and switch OFF mode as shown in Fig. 3(b) and (c)
respectively. When S is turned ON, the input capacitor Ci,
is discharging with the DC input voltage Vi, to the input
inductor L1 and hence L; starts charging. Meanwhile,
during this period, the capacitors C; and C; are in
discharging mode and they start to charge the
corresponding inductors L, and Ls. Hence the diodes Ds
and D4 carry forward bias voltage, and D,, D and Do carry
the reverse voltage. In this period the stored energy of the
output capacitor Cqyc provides voltage Vo to load R. From
Fig. 3(b) during switch ON mode, applying KVL in the

circuit, the voltage on each inductor is calculated
separately as follows:

Vin :VLl (1)
Ve, =V, )
Ve, =V, ©)

Fig. 3(c) explains the circuit diagram of CCBC in
switch OFF mode. When S is turned OFF, the input
capacitor Ci, is charging with the DC input voltage Vin.
This time the input inductor L, starts discharging through
the diode D;. The capacitors C; and C, are also in
charging mode and hence the corresponding inductors L.
and Lz start releasing energies through the diode D, and Do.
Hence, the diodes D1, D», and Do are forward biased and
the diodes D3 and Dy are reverse biased. In this period, the
output capacitor Cyqc is storing energy. Applying KVL we
get the following inductor voltage equations:

Vi, =V, =V, (4)
Vq —ch =V|_2 (5)
ch _Vcdc :VL3 (6)

Let the switching period be T, the turn-on duty cycle D
and the turn-off duty cycle is (1-D). Assuming all
elements of the circuit are to be ideal and the inductor
currents in a continuous conduction mode, applying the
volt-second balance theorem for Egs. (1)-(6), we obtain
the following equations for one switching cycle:

VieD+(V;, =V )A-D) =0 O]
Ve D+ (Vg —Ve, )A1-D) =0 @®)
Ve, D+(V, =V, )A-D)=0 )

From Egs. (7), (8) and (9) we get:
V, 1

— = =G (10)
Vi (1-D)’
where G is the DC voltage gain of the CCBC.
B. Design of Inductors
From Egs. (1-3) we get the following equations:
V al, (11)
in Li dt
Vo =L a, (12)
a7 dt
dl,
VC2 = LS F (13)
From Eq. (11) we get the value of Ly,
V.
Al =—DT (14)
L,
Similarly, from Egs. (12) and (13),
vV,
Al, =—2DT (15)



V.
Al = f DT (16)

For continuous conduction mode,

1
Aoy =1y, =5 A1, 20 17)
1 >
Al =11, =5 A, 20 (18)
1 >
Al = Iy, =5 Al 20 (19)

Let the current passing through the output diode Do
connected to the load R be lg. Here, 1. =V,/R.

Hence,

IL — VO —= Vin 5 (20)
© (1-D)*R (1-D)°R

I L= VO > — Vin D (21)
2 (1-D)’R (1-D)°R

VO _ Vin D (22)

s = D)'R _(_D)R

Using Egs. (11), (17) and (20) we get the value of inductor
Li:

RD(1-D)°

o7 (23)

L >
Similarly, using Egs. (12), (18) and (21) we get the value
of inductor L, :
RD(1- D)*

o (24)

L,>

And, again using Egs. (13), (19) and (22) we get the value
of L,:

RD(1- D)’
>— " 25
L=—0F (25)
C. Design of Capacitors:
During switch ON mode,
I, =1y, (26)
Implementing I, from Egs. (21) in (26),
v ) dv
I, ==2(1-D) =C,—*
2R (1-D)y =& dt
Hence,
V,D
) ° @7)

) RAV,, f, (1-D)’

Similarly, the design parameter of capacitors C, and Cgc
using Egs. (14) and (16) can be obtained:

V,D

= (28)
RAV,, f, (1- D)’

2

V,D

- (29)
RAV,, f,(1-D)’

dc

Here, fs=1/T is the switching frequency of the CCBC.

The corresponding inductor waveforms for the CCBC
circuit obtained from mathematical and simulated analysis
are shown in Fig.4 (a) and (b). Assuming all the switches
and passive elements of the circuit are ideal, the DC
voltage gain for CCBC has been calculated in Eq. (10). A
comparison analysis between mathematically calculated
output voltage as mentioned in Eq. (10) and simulated
output voltage of CCBC with varying duty cycle is shown
in Fig. 5 using a resistive load R = 400 Q, Fig. 6 shows
various step-up DC-DC converter voltage gain ratios
varied with the duty cycle found in the literature
mentioned in [10-14]. The results show that CCBC has a
higher voltage gain among all.

1
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Fig. 5 Comparison of output voltage variation with varying duty cycle
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TABLE I: SIMULATION SPECIFICATIONS FOR THE PROPOSED SYSTEM

PV Panel specifications CCBC Specifications LCL filter Specifications
Parameters Value Parameters Value Parameters Value
Maximum power (Pmax) 229.99 W L 100 pH La 1000 pH
Voltage at MPP (Vinax) 29.6 V L, 100 pH Ly 1000 pH
Current at MPP (Inax) 777A Ls 100 pH L 1000 puH
Short circuit current (lsc) 8.63 A C: 100 pF Lga 500 uH
Open Circuit Voltage (Voc) 36.8V C, 100 pF Lgs 500 uH
Cell per module 60 Cac 3225 uF Lgc 500 uH
Diode ideality factor 0.948 Switching frequency (fs) 30,000 Hz Cc 100 pF
Shunt resistance 63.82 Q Duty cycle (D) 40-70% Ca 100 pF
Input PV voltage at MPP 120V Output voltage 820-1230 V Cyp 100 pF
Input PV current at MPP 2346 A Output current 3.1-43A R 400 Q
derivatives of the ratio of power to voltage or current are
’ utilized. Pl controller used in P&O MPPT algorithms
MEASURE gives a more stable control in the converter output
e compared to the other algorithms found in literature such
| as Hill climbing and direct control algorithm which do
—— not employ a PI controller.
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Fig. 7. Flowchart of P&Q MPPT algorithm.

D. P&O Maximum Power Point Tracking (MPPT)

PV arrays contain an MPPT point depending on their I-
V characteristics. Table | gives information about the
rated parameter value of the PV panels used in the
proposed combination. To receive the maximum
available power from the PV panels, MPPT algorithms
have been implemented with the converter control. There
are various direct and indirect MPPT algorithms in the
literature. Among them, P&O is the most dominantly
used MPPT method on account of its simplicity [20]. Fig.
7 shows the flow chart for the P&O algorithm. This
algorithm finds maximum power by increasing the
voltage or currents obtained from PV panels unless it
reaches the maximum point.

This algorithm works on employing perturbation to
the PV voltage or PV current in which the converter is
operated using the samples of voltage Vyv(n) and current
Ipv(n) following the variation in the operating power [21].
After reaching the maximum point, the algorithm
measures the current power point with the previous one
and if it is lower than the previous point it further
increases the voltage until it reaches the maximum point.
P&O can be classified into fixed-step P&O and variable-
step P&O algorithms. In fixed step P&O MPPT, there is a
fixed point set by the Pl controller and the voltage or
current reference has been taken to reach the maximum
power point [20, 21]. In the variable P&O algorithm,

In this paper, a fixed-step P&O algorithm is used
considering its simplicity and the advantage of fixed set
MPPT points. While implementing in MATLAB/
SIMULINK, the frequency for the triangular wave is
taken as 500 Hz and the duty cycle adjusting range is
between 0.40 and 0.75.

1. THE INVERTER ANALYSIS

The DC bus voltage of the CCBC is further connected
to a three-phase full bridge inverter as shown in Fig. 8.
The DC link capacitor Cgyc provides the required input
voltage for the inverter. It is connected further to the grid
via LCL filter with a balanced star-connected resistive
load. The inverter consists of three legs of six high
frequency IGBTS labelled as Q1 to Qs. Let the Per phase
voltages are Va, Vb, and Ve, and currents are I, Iy, and ¢
respectively and V, is the neutral voltage.
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Fig. 8. Three phase full bridge inverter circuit diagram presenting the
LCL filter and dq control scheme.

Let the LCL filter has the inverter side equivalent
inductance L; and the grid side equivalent inductance L.
Cs acts for the equivalent capacitance of LCL filter. Vg,
Vgb and Vg and lgs, Igp and lgc are the grid side voltages
and currents per phase of the grid utility. R is the sum of
inverter side equivalent resistance (R;) and the grid side
equivalent resistance (Rg) of the LCL filter inductors. Rcis
the equivalent series resistance of the capacitors used in
LCL filters.



A. Per Phase Analysis

Using KVL in Fig. 8, we get the following equations
[22]:

L SE+RO =V, -, (30)
dl,

L S RO =V, -V, (31)
di,

LS RO =V, Y, (32)

Again, for a balanced load,
l,+1,+1.,=0 (33)
Hence, by adding Egs. (30), (31), (32) and (33) we get,

v, = V, +\g) +V, (34)

By substituting Eq. (34) in Egs. (30), (31) and (32)
respectively and using the criteria of (33) we get,

L I,

a

R(t) - (Vab (t) Vac (t))

LR =2 VOV ) ()

Lc =+ R(t) = E(Vac (t) _Vbc (t))

Eqg. (35) establish a relationship between per-phase
currents and line voltages of the inverters. Hence, these
equations are the analytical calculations for the phase-
currents that can be analytically used to optimize the
harmonic performance of the inverter [23]. The equations
for phase current detection are as follows:

I40=§umaynma»

1,0 =3 (1 O+ 1 ©) (36)

1.0 =5 (1. O+ 1)

In a balanced condition, the following equations can be
obtained from the proposed system:

Viga +Vgp +V, =0 (37)
L+L,+L, =0 (38)
Ly +Lg +L, =0 (39)

To eliminate the leakage current that has been formed
by the parasitic capacitance of the PV array and ground in

a transformerless PV system, a filter-clamped topology is
used with the full bridge inverter by clamping the LCL
filter output to the midpoint of the DC bus [24]. In the
proposed work calculations for leakage current have not
been accounted for.

B. Control Scheme

To provide control to the power switches used in the
inverter circuit, an active and reactive power (dq) control
scheme is introduced. By this control method, the
fundamental positive and negative sequence components
of instantaneous current Iy and I4 can be separated [25]. In
this method, the load current of the system is transformed
from the abc stationary reference frame to the dg
synchronous reference frame [26].

The first step is abc to dq transformation where the
output voltage and current of the three-phase inverter are
converted into two-phase quantity. In the second step, grid
side voltage and current are detected using a phase-lock-
loop (PLL) where active and reactive power for the
inverter and the grid have been calculated and the values
are tuned using PI controllers. The dqg voltage and current
quantity are processed via the PI controller and generate
SPWM control logic for the three-phase inverter by
comparing the PWM pulses with a triangular wave. The
switching frequency used for the three-phase inverter is
10kHz and grid side frequency 50Hz. The simulation steps
of the dqg control scheme used in the inverter circuit for the
proposed combination are explained in Fig. 9.
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Fig. 9. Simulink design of dq controller for the three phase inverter.
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IV.SYSTEM SIMULATION AND ANALYSIS OF RESULT

The proposed combination is simulated in MATLAB/
SIMULINK employing a 5.5 kW PV source for a time
period of 10 seconds: (a) first 5 seconds in 1000 W/m?; (b)
last 5 seconds in 500 W/m? irradiance level. Four series
modules and six parallel strings of SOLTON POWER
SPI-230P PV panels are selected for simulation.
Parameters specifications for PV panels, circuit elements
of CCBC and LCL filters are given in Table 1. The DC
bus voltage is significantly maintained by the P&0O MPPT
controller around the reference point under variable
irradiance. The simulated characteristics waveforms for
PV voltage, PV current and PV power at maximum power
point (MPP) with change in irradiance level (step change
in 5 second from 1000 W/m? to 500 W/m?) are shown in
Fig. 10(a), (b) and (c) respectively. The maximum
generated PV power is 5.5 KW in 1000 W/m? and 2.8 kW
in 500 W/m? irradiance level while the PV voltage is
120V and PV current is between 23 A to 46 A at MPP.
The SOLTON POWER SPI1-230P PV panel characteristics
at various MPPs and its corresponding voltage, current
and power are shown in Fig.10 (d). From the simulated

waveforms of Fig. 11(a) and (b), it is observed that
varying the cycle between 40% to 75%, the CCBC
converter can deliver a stable DC bus voltage of 1230V
with 4.3A output current at 1000 W/m?and 820 V with 3.1
Aoutput currentat 500 W/m?. Hence the CCBC is capable
of providing a high boosting and robust control around
MPP proving its suitability for PV application.

The inverter output voltage and output current of the
proposed combination are shown in Fig. 12(a) and (b)
respectively. The inverter itself produces and maintains a
399 V peak and 230 V RMS voltage in each phase from
an 820 V to 1230 V DC bus under variable irradiance. The
current output is 12.6 A peak and 7.3 A RMS per phase
for 1000 W/m? and 6 A peak and 3.5 A RMS per phase
for 500 W/m?2. The inverter power delivered is 5.03 kW.
The grid voltage and the grid current are shown in Fig.
12(c) and (d). The system maintains a grid voltage of a
constant 230 VV RMS per phase under variable irradiance.
The SPWM signal generated for the six switches of
inverter is shown in Fig. 13. The proposed combination is
worked on unity power factor by producing 2.4 kW to
5.03 kW of active power and —220 to —295 VAR reactive
power considering variable irradiance as shown in Fig. 14.



The inverter current THD as shown in Fig. 15 is
calculated for the proposed combination shows 1.91%
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Fig. 13. SPWM Signal generated for inverter switches.
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Fig. 15. Analysis of Inverter current THD in steady state.

The input inductor ripple currents and the output
capacitor ripple voltages are plotted in Fig. 16 by varying
the irradiance level from 100 W/m? to 1000 W/m2. The
result shows a very lower amount of ripple obtained in
accordance with the lower irradiance level to the higher
irradiance level despite the unstable and noise full
characteristics of the PV source. The variation of ripple
with irradiance in terms of input current is almost
constant and output voltage ripple variation is also
negligible (between 4-6 V). A brief analysis of the result
of the proposed combination is tabulated in Table 2
showing the maximum power, voltage and current
available in the inverter output side and the power factor,
THD and the system efficiency. The proposed
combination is suitable for grid utilization as it provides
high voltage DC bus with lesser voltage ripple and lower
AC fluctuation tracing zero even harmonics in inverter
output in a rated grid output voltage.

TABLE II: ANALYSIS OF RESULTS

Parameters Maximum Value Obtained
RMS output power 5.03 kW
Peak output voltage 399 V(Peak)
Peak output current 12.6 A(Peak)
RMS output voltage 230V
RMS output current 73A

Power factor 1

THD 1.91%
Efficiency 91%
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Fig. 16. Input ripple current and output ripple voltage w.r.t variable

irradiance.



The high voltage gain, lower ripple and the lower
inverter THD is the main provision of the proposed
combination that can provide bulk power to the utility
grid. The proposed combination is suitable for low
voltage PV applications and for household PV systems.
Moreover, the employment of other efficient inverters
such as Z-source inverters, H-bridge inverters and
multilevel inverters may be utilized with the CCBC for
PV applications to obtain high efficiency and enhanced
power density.

V. CONCLUSION

In two stage PV system, an MPPT controller-based
DC-DC converter is necessary to provide a stable, less
noise and ripple-free DC link voltage input to the inverter
by pulling out maximum power from the PV panel. In
this paper, an improved highly efficient boost converter
employing a diode-capacitor-inductor based cubic cell is
used with the well-established 3-ph conventional inverter
topology and the simulated results present that the
proposed combination is suitable for PV applications.
The CCBC can be improved to have less voltage stress on
the DC link capacitor using a switched capacitor and
diode arrangement without any complex control. The
proposed system is well-suited using dq control for grid
requirement fulfillment with unity power factor and low
AC harmonics. For a transformerless PV system, the
leakage current is generated between the PV panel and
the ground. As a future work, an experimental setup may
be established for this proposed combination to analyze
the dynamic performances of the system accounting for
the leakage current.
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