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Abstract

The main focus on this paper deals with a current control technique for the inverter using a PV system for grid connected topology. The
work of this paper is to evolve the PV model by tracking maximum power point using Incremental conductance algorithm by applying
synchronous reference frame control method for single phase transformer less cascaded H Bridge Multilevel Inverter via boost converter
system connected to 230V grid. A Phase shifted pulse width modulation technique is also projected in order to afford the pulse for voltage
source inverter. The mathematical expressions for the control design for the single phase system is expressed in this paper. The analysis of
the control is adopted using P control method and is executed in synchronous rotating d-q reference frame in order to carry out the response
of the best output voltage for the grid connected single phase PV system. The d-q technique is applicable only for the three phase system
due to the minimum requirement of two independent phases. Hence one quadrature phase inverter is added additionally in the control

method. The simulation is done using MATLAB/SIMULINK.

Keywords: Photovoltaic Module; Incremental Conductance; Boost Converter; Cascaded H Bridge Multilevel Inverter; Pl Controller; MPPT; Phase
Shifted Pulse Width Modulation; D-Q Synchronous Reference Frame; Total Harmonics Distortion; Efficiency.

1. Introduction

Among the non-conventional energy sources photovoltaic model is
mostly influenced due to its pureness, reduction in the cost of the
fuel and due to its less maintenance. Even though its initial cost is
high. Primarily when this solar is used it has couple of issues: A PV
module which functions with rigid temperature and radiation pro-
vides a nonlinear P-V Characteristics which gives the maximum
power point afford the enormous desirable output power under spe-
cific environment condition [1]. The efficiency of the solar array
will be depressed and hence the generation of the power by solar
cells changes with change in temperature and irradiance [2] & [3].
In the latest years, a huge number of MPPT techniques have been
suggested and carried out [4]. Amongst all MPPT method Incre-
mental conductance algorithm provides the fast response [5] - [8].
The output of the DC from the PV is connected to the DC-DC con-
verter [9]-[11].

The power will be delivered to the grid and even to the local loads
for the Grid-connected system. Designing a relevant current con-
troller using a phase locked loop (PLL) for synchronizing with grid
[12] & [13] is a very big effort. Generally Synchronous frame reg-
ulators(SRF)are acknowledged to have a superior achievement than
the stationary frame regulators [14]. SRF using three phase current
controller in a d-q frame is possible but in a single phase system it
is very challenging task to produce zero steady state error at grid
frequency. Hence the SRF control exists in converting an orthogo-
nal pair that is self-assured by certain single phase input current and
an imaginary current into a rotating frame from a stationary frame
control [15],[16].An inverter which is commonly used for single

phase system is the full bridge inverter. The multilevel inverter
(MLI) plays an extensive role and is well applicable for several re-
newable sources such as solar, Fuel cells, wind etc. MLI is of three
types flying capacitor, neutral point clamping and cascaded h bridge
MLI. Amongst these three methods cascaded h bridge plays an im-
portant role for high and medium power applications even though
it has one disadvantage of having many dc sources in it depending
upon number of levels [17] & [18], but it is suitable for applying
hybrid renewable sources. The pulses given to the inverter switches
are of several types as explained in [19] — [21]. For the PV inverter
grid connected system the most accepted control design for the grid
inverter is a current controlled cascaded H bridge PWM with low
pass filter at the output stage. The most common trend nowadays is
to adopt the LCL filter design due to its compact design [22]. Omis-
sion of transformers also eases out cost pressure, improves afford-
ability and makes it convenient to the users when the inverter is
integrated with the grid connected system [23]-[25].

The main aim of this paper is by presenting a single phase PV sys-
tem for a dual stage converter topology. MPPT technique using in-
cremental conductance algorithm is used for tracking maximum
power from the solar arrays. The PV output is connected to a DC-
DC boost converter in order to increase the input voltage level to
the required output voltage this is connected using a DC link capac-
itor. The LCL filter design is used which eradicates the ripples that
has been created due to high frequency and is given to the grid. The
voltage from the grid and the inverter current are given to the cur-
rent controller in order to regulate the supply current. The Phase
locked loop(PLL) is used for tracking the grid voltage angle (wt).
The error signal is compensated with the help of the PI controller
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using the synchronous reference frame current control method and
that develops the reference signal to the modified phase shifted
PWM technique which in turn generates the switching pulses for
the grid connected single phase inverter system.

2. System description

The proposed system is applied with four control strategy that in-
cludes firstly the PV system with IC MPPT control algorithm; the
pulse generated by this is given to the boost converter switch. Sec-
ondly a modified phase shifted pulse width modulation control
technique given to the transformer less single phase cascaded H
bridge inverter switches, and thirdly the synchronous reference
frame (SRF) current controller where the grid voltage and the cur-
rent from the inverter used for controlling the supply current. The

I-Output cell current, kI-Current Co-efficient, RS-Series Resistance,
kV-voltage coefficient, IPV-Photovoltaic current, Vt-Thermal volt-
age, V-Output cell voltage, T-Cell temperature in oC, g-Electronic
charge [1.60217646*10—19C], K-Boltzmann’s constant
[1.3806503X10-23J/K], IO-Saturation current, RP-Parallel

*
I =1, |D[exp[v Jl:‘v +F: R,

@)

Resistance, Tr-Reference temperature, lor - Saturation Cell current
at Tr, ISC -Short-circuit current at 25°C and 1000 W/m2. The P-V
curve is shown in Fig. 3 (a) and the I-V Characteristic curve is
shown in Fig.3 (b).

+1 *R,
V *a

LCL filter is used in order to suppress the harmonics developed by I, +K, *A,
the high frequency. The phase angle is developed by the grid volt- I, = VW‘" K, *A,
age with the help of the PLL. This SRF current control atone the eXD[TJ—l
flaws signal with the aid of PI controller and develops the reference ‘
signal which is used to generate the pulses for the inverter switches @
with the help of PSPWM technique. The entire block diagram is -
shown in Fig.1. o 0
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Fig. 1: Block Diagram for the Proposed System.

3. Designing and analysis of the proposed sys-
tem

3.1. The mathematical model of an ideal PV

The photovoltaic ideal model is shown in Fig.2. The expression
from the theory of semiconductors [4] provides the V-I characteris-
tics curve of the photovoltaic and the mathematical expression is
given in equation (1) and (2).
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Fig. 2: Equivalent' Circuit of A Solar Cell.
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Fig. 4: Circuit Diagram of Boost Converter.

The inductor value for the boost converter is calculated using the
expression (4)

_v.)*D

(Ai,)*f
Q)

The capacitance value is calculated by

__(v,)*D

- (Avou( )*f *RLoed
(5)

Rioad is calculated using (Vout) 2/Pinput, where the VIN is 18.4V, lin
i58.2 A, Pinis 150.88W. The Calculated C is 52puF,L is 260uH, AiL
is assumed to be 40% and AVout is assumed to be 1% . The Rioad is
80.2Q.
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3.3. Cascaded H bridge multilevel inverter

In high and medium power applications Cascaded H Bridge (CHB)
multilevel inverter plays a very important role. This resides number
of series H Bridge where every H Bridge has independent DC
source. Renewable sources such as solar, wind, fuel cells, battery
can be replaced instead of each Dc source. In this paper 7level is
considered. The levels are calculated with expression 2N+1. Here
N denotes the number of levels. This causes seven different output
voltages such as +3Vdc, +2Vdc, +1Vdc, 0, -1Vdc, -2Vdc, and -
3Vdc.The seven level cascaded H Bridge is shown in Fig.5. In this
paper instead of DC source PV module is used.

s e f

S1a g

Sio p
.

mﬁi}

Fig. 5: Circuit Diagram of Cascaded Seven Level H Bridge Multilevel In-
verter.

Slio |

3.4. Design of DC link capacitor

The DC link capacitor is utilised as an energy storage load balanc-
ing device. This capacitor is placed between the DC and the AC of
the voltage source inverter. This element helps by securing the in-
verter circuit from temporary electromagnetic interference voltage
spikes and surges. DC link capacitor is a necessary element to ac-
complish the appropriate performance of the system.

The DC link capacitor for PV is calculated using the expression (6).

c . V.*D
MTARL *AV, ]

(6)

Where, VPV is the PV voltage used in this system. D is the duty
cycle of the boost converter. AVPV is the 2% of the PV voltage
obtained by the solar panel of single H-Bridge converter fqc is the
converter frequency and Lqc is the converter inductor value. The DC
link capacitor between the boost converter and the inverter is cal-
culated using expression (7). The calculated Cpv value is 100pF.

P

max

iy
2%@ MV eV

U]

Here, Pmax is the output maximum power of boost dc-dc converter
for each PV, Vc is the voltage output of boost converter, and ‘wgrid’
is grid frequency Vripple represents the peak of the voltage at MPP
and it is considered to be less than 6% of the MPP voltage and for
the proposed system it is considered as 2.5%. The calculated Cdc
value is 4748 pF.

Tipple

4. Control methods used for the proposed sys-
tem

The control techniques used in this system is categorized as four
different schemes. Firstly, Incremental conductance MPPT algo-
rithm. Secondly the phase shifted pulse width modulation (PWM).
Thirdly the synchronous reference frame (SRF) current control is
used along with the PI controller in order to develop the reference
sine signal for the inverter switches. and lastly the filter design is
used which helps in reducing the noise that are usually created by
means of the inverter circuit. In this paper LCL filter is adopted.

4.1. Incremental conductance MPPT control technique

The characteristics curve depends on to the irradiance level and also
on the temperature of the PV cell. The slope of the PV curve with
respect to power dP/dV at the MPP is zero and it fewer on the right-
hand of the MPP and increments on the left-hand part of the MPP.

dI I
= —yatMpPP

av
(8)

A LatLeft MPP
dv \'A
9)

dI I .
< Ty right MPP
(10)

The flowchart of the IC is shown in Fig.6.In this algorithm the ac-
curate value is obtained with very less oscillation at the maximum
power point. The duty cycle from the algorithm is compared with
the repeating sequence and the pulse is given to the boost converter
switch. This method tracks the maximum power and gives better
efficiency when compared with the other MPPT algorithms.

Start V(1,10
P®

dAI=1()-1(t-1)
dV=V(D)-V(t-1)
dP=P(1)-P(t-1)

TRUE

TRUE

A 4

v

‘D:Dinilﬁ»Delle ‘ D=Dinit-Deltad ‘ D=Dinit-Deltad

(t-1)=1(0)
V(-1)=V(1)

Fig. 6: Flowchart for the IC MPPT Algorithm.

‘ D=Dinit+Deltad

4.2. Designing of modified phase shifted PWM strategy

The PWM technique used in this system is a modified phase shifted
method. This system consists of a signal carrying 120° phase differ-
ence between 3 carrier waves, the peak value is taken as 1 for all
the three sets of carrier signals that is from 0 to 1 in positive side,
and from 0 to -1 is for negative cycle which will be exactly 1800
difference with respect to the positive side. The pulses are generated
using the bipolar reference sine wave compared with the modified
carrier signal technique. The carrier wave signals are picked using
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the equation (n-1)/2. The reference sine wave signal is then com-
pared with each of the carrier triangular wave where each signal
phase difference is calculated using the expression 360/ ((n-1)/2).
The carrier waves and reference wave is shown in Fig.7.

Vi carr2

Vearrl Vearr3

!

The phase angle @ is considered to be 0 (®=0) in order to supply
true power. Hence the expression (17) becomes

a| _|1cosg
.| LIsing

(16)

360

A

/

-Vcarrl -Vcarr2

Fig. 7: The Modified Phase Shifting Pulse with Modulation.

4.3. Designing of synchronous reference frame current
controller

The current from the inverter linv and the voltage from the grid Vria
should be in-phase in order to apply the true power to the grid.
Hence for this approach the d—q Synchronous frame current control
is applied. An extra orthogonal phase voltage grid and inverter cur-
rent are developed to transform into SRF from stationary reference
frame because this control is used for the d—q Synchronous frame
current control is applied. An extra orthogonal phase voltage grid
and inverter current are developed to transform into SRF from sta-
tionary reference frame because this control is used for a single
phase system instead of three phase system. Itis very challenging
task in single phase system to produce zero steady state error at grid
frequency. SRF control helps to create two phases by creating an
orthogonal pair which is shown in Fig 8. The PLL is used to trail
the grid voltage phase angle. The inverter current la is used in order
to generate its orthogonal pair If. The grid voltage Vga used to gen-
erate its orthogonal pair Vgf [25].

V.. (t)=V cos(at)
(11)

V)=V sin(at)
(12)

Where V is the maximum voltage obtained from grid and ot is the
phase angle generated using PLL. The inverter current Ta. (t) and its
orthogonal pair I (t) is given in the expression (13) and (14). @ is
the inverter current phase angle [25].

1 (t)=1 cos(at +¢)
(13)

1,(t)=1sin(at +¢)
(14
Id and Iq are obtained as a constant DC component with the help of

the conversion from stationary rotating frame to synchronous rotat-
ing frame and this control action executes with the help of the Pl

controller.
I, cosd sind || I,
[Iq}z{—sine coséﬂlj
(15)

By applying expressions (13), (14) in the above (15) expression
where ot = ©, we get

A (17)

N
X ¥ “,\"V'\‘lb'ere Imax is the maximum output current from the inverter. The
\ 2 hY3 ‘\vy_gr'm‘r signal is developed by the expressions (18) and (19)

-Vcarr3

ed(t)zldm 7Iu(t)
(18)

e, )=1" —1.(t)
(19)

Where Id™fis obtained using the dc voltages from the boost con-
verter, it is the reference current which develops the active power
and supplied to the grid. Ig™ is the reference current which devel-
ops the reactive power and is assumed to be zero. For the inverter
in the d-g system the continuous time state equation relies upon the
inverter model in the SRF controller coupling condition on the in-
verter side and is given in the expression (20) and (21)

Cascaded L
H Bridge Inv
Mulilevel
1oV Inverter
3 Level V
GRID
=
ridge
ultevel
rier

Lerio

PLL
wt
A,
a-
wt d-q
ng Vga
Fig. 8: Block Diagram for the D-Q SRF Current Control.
. di, .
V, =V, +Ri, + LE_COLI“
(20)

di
V, = Ld—t“+ng +Ri +ali,

(21)
The d and q decoupling condition on the controller side is given in
the expression (22) and (23)

V., =

W gd—a)Liq+|:kp+%:|(id“' -i,)
(22)

_ K e
v, —ng+a)L|d+[kp+?}(|q i)

(23)
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From d-q to a-f conversion we get

V.| |cosat —sinat ||V,
v, “|sinat  cosat V.,

(24)

In the above expression Va is the reference signal for the Phase
shifted Pulse with modulation (PSPWM).

4.4. Designing of LCL filter

The inductance value in the converter side is designed to suppress
the ripples that has been generated by the voltage source inverter.
The inductor placed in the inverter side is estimated using the ex-
pression (25).Vac is the dc voltage, fsw is the switching frequency,
Ipeak is the amplitude of the current in grid. The filter capacitor is
estimated using (26)

\% \Y
de S L S dc
6.4*f, *I ek " 2.4*f, *Ipeak
(25)
*
a)g *\/GRID
(26)

Prated is the maximum power, wg is the angular grid frequency and
Verip is the RMS of the grid voltage. The inductor in the grid side
value is estimated using the expression

LGRID = r * I_INV
@7)
The percentage of the r factor, between Lerip and Linv is adopted
as 0.5 to calculate the grid Inductance. The Parameter values for PV

module and Inverter along with LCL values are given in Table 1.
and Table 2.

Table 1: Parameters for the PV Panel

o
outt —)

PWH_PHA 4 lime
Imoedance
i

—a e T

Curent Heasurement1

LGRID

Weasurement

L
Ca Y

NVERTER L
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e
WY

2

—

PVbost kveld

Inverter 3

Fig. 9: Simulink Model for the Proposed System.

The output voltage and current of first pv and first boost is shown
in Fig.10. and Fig.11.The inverter used in this proposed system is
conventional cascaded H bridge inverter which has three separate
dc sources hence three pv panels and three boost converters are con-
nected in this system. The output voltage and current at 2nd PV is
18.98V and 7.712 A and 3rd PV is 18.97 VV and 7.724 A. The V and
I at the output of 2nd boost is 113.2 V and 1.264 A and 3rd boost V
and | is 113.8V and 1.261 A respectively. Fig .12. And Fig.13
shows the current and Voltage after d-q transformations. Fig.14 and
Fig.15 shows the active and reactive power of the grid and inverter
side Fig.16 shows WVapha and Vweta generated by the d-q
method.Fig.17 shows the grid current and voltage are in
phase.Fig.18 shows the THD of the grid current and is about 2.77%.
Fig.19 and Fig.20 shows the THD Voltage of inverter side without
Filter is of 20.20% and with filter is 0.41V.

fgasurement yggip

i

SRF control scheme:

Z.o Components Parameter for PV Module
1 Current at Short Circuit (ls) 87A
2 Voltage at Open Circuit (Vo) 228V
3 Current at the Maximum (Impp) 82A
4 Voltage at the Maximum (Vi) 184V
5 Maximum Power (Pmax) 150.88 W
6 Series Cells 60
Table 2: Parameters for the Inverter and LCL Filter
S.No  Components Parameter for PV Module
1 Inverter side Inductor (Linv) 3.76 mH
2 Grid side Inductor (Lgrip) 1.88 mH
3 Filter Capacitor Value (C) 1.362 pF
4 Damping Resistor (Rg) 10 Q
5 Resonance frequency (fres) 3632 Hz
6 Fundamental frequency 50 Hz
7 Switching frequency 5 kHz
8 DC Voltage (Vqc) 330V
9 Grid Voltage (Verip) 230V
10 Kp and Ki 4.58 and 0.02

5. Simulation results

The simulation results for the proposed system is discussed in this
section. The overall simulation diagram with the subsystems is
shown in the Fig.9.

25 T T T
18.98V
LU o R —
|
15 Vo Vollage
I _— IW Current
107
v o o T R e B
50t/ 7.674 A 1
D 1 1 1
0 0.25 0.5 Time (s} 0.75
Fig. 10: Voltage and Current at the Output of the First PV.
113.5V
e B
100 T| I
| — luooar Current (A)
e ‘u’umﬂ, Voltage (V)
801 1
1.262 A
1)= ——l . I
0 0.256 0.5 Time (s) 0.75 1

Wl
@ VGRID
G}

Fig. 11: Voltage and Current at the Output of the Boost.
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Fig. 16: Vapna and Ve Generated by the D-Q Method

The synchronous reference frame modelling using current control
transformer less grid tie cascaded H bridge multilevel inverter using
renewable source for single phase system is described. The pro-
posed modeling is generated with LCL filter design. The rated
power supplied by the solar panel is 452.64W. The power obtained
at the grid side is about 421.2 W. Hence the efficiency of the pro-
posed modelling is about 93% with the current controller method.
The THD of the current supplied to the grid is 2.77% which satisfies
the standard grid current value. The model is developed and ana-
lysed with the help of the MATLAB/Simulink tool.
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