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Abstract- Various digital technologies are being implemented in photovoltaic inverter in order to acquire higher efficiency and
to lower total harmonic distortion. In this paper a new topology of implementation of digital controller TMS320C28027 to
bidirectional high frequency link photovoltaic inverter has been proposed for photovoltaic application using perturb and
observation method. The proposed scheme is simulated and experimentally validated by obtaining the values of total harmonic

distortion and efficiency.
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1. Introduction

With the growing energy demand, increasing global
environmental issues, and depleting energy resources such as
coal, oil and gas, the need to develop and utilize new sources
of energy seems inevitable. Therefore renewable energy
resources such as solar, wind, biomass, hydro and
geothermal etc appear as important alternative energy
options. Solar energy is one of the few clean and abundant
renewable energy resource which is being use extensively in
recent years. Worldwide lot of work on solar technology is
going on even in the countries where there is limited
sunshine over the year. With the advancement in control
techniques, solar energy is becoming one of the alternate
renewable energy sources for generation of power [12],[16].
The recent trend of designing inverter with high efficiency,
compact, light weight and low cost is based on the
parameters such as lowering total harmonic distortion,
increasing switching frequencies, improving voltage and
current waveforms and power factor[5],[13]. In order to
achieve these requirements, digitally controlled high-
frequency link photovoltaic inverter with bidirectional power

flow capability has been developed using MPPT control and
boost converter. The overall system is represented by block
schematic as shown in fig 1.
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Fig. 1. Basic block of photovoltaic inverter system
2. Purturb and Observe (P&0O) method

There are various methods for tracking such as open
circuit voltage, constant voltage, short circuit current,
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incremental conductance method and puturb and observe
method [3],[7]. The method used in this topology is P&O
method which is more convenient to use. In this method,
calculation of photovoltaic array output is done with power
change done by sensing both photovoltaic voltage and
current. This method also considers the perturb amplitude to
the actual operating condition. Considering a solar cell, the
VI characteristics neglecting the shunt resistance is given by
the equation
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Where 1, = Current generated from photons

ls= reverse saturation current

g = charge on electron, A = Ideality factor,

K = Boltzmann’s constant, T = Temperature,

rs = series resistance

The light generated current and saturated reverse current
is expressed as
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Where T, = reference tempreture,

Iser = short circuit current at reference tempreture
K, = current tempreture coefficient,

S = per unit radiation,

I, = reverse current at reference tempreture

In order to find the value of voltage at maximum peak
power the power derivative of current function is zero and for
current voltage function is zero. Thus maximum power is
calculated by the following eqauation
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Based on the equation for P&0O method an algorithm is
developed in MATLAB. The fig.2 shows the
MATLAB/Simulink model for P&O method.

Fig 2. Simulink model for boost converter using P&O
method

3. MATLAB/Simulink Model of a Closed Loop System
with Boost Converter

In order to achieve higher efficiency a model of
photovoltaic system was realized with closed loop control as
shown in fig.3. The PV panel has been considered based on
the irradiance, temperature, open circuit voltage and short
circuit current. The result of closed loop boost converter was
studied based on the variation in insolation as well as varying
load [4].

Fig. 3. Closed loop boost converter

4. Mathematical of BHFL Photovoltaic

Inverter

Modeling

Different types of inverter topologies were studied by
developing and simulating in MATLAB/Simulink [9], [15],
[17]. To design a closed-loop controller for the BHFL
inverter as shown in fig.4, a dynamic model of the BHFL
inverter is first derived. State-space technique is used to
model the inverter [8].
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Fig. 4. Bidirectional High Frequency Link Inverter

Referring to fig 4, it is assumed that the dc source
voltage, V. is constant. The inverter switching frequency is
considered to be much higher than the 50Hz sinusoidal
modulating frequency. The high-frequency transformer is
assumed to be operating in the linear area. As such, the high-
frequency PWM bridge and the transformer can be modeled
as constant gains [14]. The polarity-reversing bridge is only
operated at line-frequency (50Hz), thus its dynamics can be
ignored. With these assumptions, the dynamics of the system
can be simplified to a LC low-pass filter connected to the
load. The equivalent circuit of the BHFL inverter could be
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considered, where u is the system input (control variable),
and Z denotes the output impedance of an unknown load.
The Equivalent Series Resistance of the filter inductor is
denoted as r;, and the ESR of the filter capacitor is denoted
asre.

di;

E_ __(rl +rc) rect +- 1.7+— (5)
Vet 1, 1,

%: = Zlor (6)
Also

Vor = e+ Viect — Telor U]

Equation 5 and 6 can be represented in matrix form as

di;
- (rl +7)
dvrect‘ I [v‘rect [L] v+ 1 ior (8)
Also equation 7 can be expressed as
Vor = rC 1 [v ] rc]ior 9)
rect

the values of r; & r. are assumed to be very small & can
be neglected .Thus equation 8 & 9 becomes
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Based on the equation a dynamic model of the system
could be represented by block diagram. Since the controller
is to be implemented using a digital processor ,the
continuous time space equations are discretised .The discrete
time state space equations with sampling period of T, can be
represented as

x(k + 1) = Ax(k) + Bu(k) + Byi,, (k)
Vor (k) = Cx(k)

L

(10)

(11)

Where
1 .
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2 1 — cos(wT,
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Veece (KM s the state vector & w = 1/VLC is the

cut off frequency of the low pass filter in radians/second.

From equation 10 and 11, the discrete time equation can
be rewritten as:

w(k) = iy + 1) = 52000 = 5205, () = 52 iy (k) (12)
000 =5 vor(k+1)—A—2vor(k)—— () = 22 1y 1)
(13)

The equations 12 and 13 represent the discrete model of
BHFL inverter system.

5. MATLAB/Simulink Model
Inverter

of BHFL Photovoltaic

The MATLAB/Simulink model of BHFL photovoltaic
inverter was developed with unipolar switching technique
which was used to control the magnitude and frequency of
generated ac signal. The fig.5 shows the MATLAB/Simulink
model of single phase BHFL solar photovoltaic inverter with
unipolar switching [18].

L]}

Fig. 5. Single phase IGBT based BHFL Solar PV inverter
6. Simulation Result

Considering the MATLAB/Simulink model for P&O
observation method an MPPT curve was obtained whisch
extracted the maximum value of voltage and current for
maximum power as shown in fig.6.
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Fig. 6. MPPT Curve

A steady state power curve was also obtained from the
model as shown in fig.7.
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o No. | (w/m?) Power(watts)
- 1) 925 3.914 3.914 15.32
2) 950 9.769 9.769 95.43
g e 3) 975 10.57 10.57 111.8
£ 4) 1000 10.93 10.93 119.4
. 5) 1025 11.15 11.15 124.4
: _ 6) 1050 11.32 11.32 128.2
% G008 T'_mue.'?;m o015 o0z 7) 1075 11.45 11.45 131.2
8) 1100 11.56 11.56 133.2
Fig. 7. Power Characteristics 9) 1125 11.65 11.65 1358
o ) 10) 1150 11.74 11.74 137.7
The MATLAB/Simulink model of boost converter with 11) 1175 11.81 11.81 139.4
f:los?d_ loop sysltlem Wag telsted fWitII1 variolus varllues pf 12) 1200 11.87 11.87 140.9
insolations as well as rated values of solar panels as shown in
table 1.1 and tablel. 2. 13) 1340 12.16 12.16 147.9
Table 1.1. Output power based on insolation
[ Sr. | Insolation [ lowamp | Voutovoisy | Output
Table 1.2. Power output based on standard panels
SN | Model No. Isc Amp Voc volt Imax Amp Vmax volt Pmax Watts Ipv Amp Vpv volt | O/P Power (W)
1 | BP3230T 8.4 36.7 79 29.1 230 18.8 18.8 355.5
2 | BP3225T 8.3 36.6 77 29.1 225 18.8 188 3555
3 | BP3170T 5.2 43.6 48 35.6 170 23.2 23.2 5375
4 | BP3215T 8.1 36.5 74 29.1 215 18.8 188 3555

Considering the values of insolation equal to 1000
watt/m? | ls. = 5.45 amp, Vo= 22.5 VOlts, 1pmax= 4.95, VPma=
17.2 volts, the V-1 and power characteristics were studied as
shown in fig 8 and fig.9.
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Fig. 8. V-1 Characteristics
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Fig. 9. Power Characteristics

The current and voltage waveforms for BHFL

photovoltaic inverter were observed as shown in fig.10

vultage (volts)

Fig. 10. Current and Voltage Characteristics

The output of BHFL photovoltaic inverter was also
tested with different switching frequencies as shown in fig.11

Fig. 11. Output signal and PWM with f,= 1.5 KHz, 2.5KHz
and 10 KHz
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7. Generation of PWM signal using TMS320C28027

Generation of PWM signal is based on the performance
of digital signal processor [1], [2], [6]. For this, processor
TMS320C28027 of Texas Instrument has been selected. It is
a piccolo series processor which is coupled with highly
integrated control peripherals in low pin count devices. It is a
high efficiency processor with 32 bit CPU and having
frequency of 60MHz, 50MHz and 40MHz respectively. It is
also having ON-Chip flash, SARAM and OTP memory. It
consists of analog comparators with 10 bit reference and can
be routed directly to control PWM outputs [10]. This
processor is also cheaper and easy to implement. Generation
of PWM signal is based on implementation of algorithm,
preparing of source code in C or C++ and compiling,
building and running the source code in code composer
studio.

The version used for code composer studio is 3.1 and the
PWM signal has been generated at 8 GPIO pins i.e from
GPIOO to GPIO7 by continuously comparing the output
voltage or current received by inbuilt ADC. The PWM
signals generated from GPIO pins are applied to the IGBT’s
of inverter circuit through a driver circuit [11].

8. Experimental Setup

Based on the results obtained from MATLAB/Simulink
models, a hardware prototype of 500VA BHFL photovoltaic
inverter was developed by considering digital controller
TMS320C28027 for controlling the power switches. Fig 12
shows the hardware proto type of PWM generation, digitally
controlled BHFL photovoltaic inverter, and output AC
signal.

Fig. 12. PWM generation, BHFL photovoltaic inverter,
output signal

9. Conclusion

Modeling and experimentation using TMS320C28027
for 500 VA single phase BHFL photovoltaic inverter with
MPPT was studied and compared. The V-l characteristic
observed tracks for the maximum power and stabalises the
output power. The boost converter with closed loop system
was tested with various values of insolations ranging from
925 watt/m® to 1340 watt/m? and it was observed that with
increase in insolation values the output power was also
increasing. This model was also tested with some standard
ratings of the panels available used in prototype.

Based on the output generated by the closed loop boost
converter, a MATLAB/Simulink model of BHFL
photovoltaic inverter was developed and its output was
studied by considering different switching frequencies. It was
observed that by increasing the switching frequencies there is
an improvement in output signal. The amount of THD for
single phase BHFL photovoltaic inverter was found to be
4.95% as shown in fig.13.
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Fig. 13. THD obtained

The voltage waveform generated by the prototype
hardware model was a quasi squre wave with a THD of
6.23%. Further improvement could be done by considering
TMS320C28027 for single phase multilevel photovoltaic
inverter.

References

[1] Prashant Thakre, Dr. Saroj Rangnekar, “Implementation
of Digital Signal Controller TMS 320C28027 Based
PWM for a Single Phase Bidirectional High Frequency
Link Photovoltaic Inverters”, International Journal of
Energy Engineering, Scientific and Academic Publishing,
USA 2012,Volume 2(2): 15-22 DOI:
10.5923}/j.ijee.20120202.03, pages15-22.

[2] Prashant Thakre, Dr Saroj Rangnekar , “Simulation and
hardware implementation of MPPT based Single Phase
Photovoltaic Inverter using TMS320C28027 control” ,
International Journal of Computer and Electrical
Engineering, Singapore, Vol.3,No.4,August 2011,ISSN
1793-8163, pages 592-596.

[3] A. Yafaoui., B. Wu and R. Cheung, “Implementation of
Maximum Power Point Tracking Algorithm For
Residential Photovoltaic Systems”, 2nd Canadian Solar
Buildings Conference Calgary, June 10 — 14, 2010.

107



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Prashant V. Thakre et al., Vol.4, No.1, 2014

[4] HNian, R.Zeng, “Improved Control Strategy for
standalone  distributed generation  system  under
unbalanced and non-linear loads” , IET  Renewable
Power Generation, Vol5, No. 5, pp 323-331, 2011

[5] Samuel Vasconcelos, Peter Zacharias, Regine Mallwitz,
“Highly efficient single phase transformer less inverters
for grid connected photovoltaic system” , IEEE
transaction on Industrial Electronics, Vol 57, No. 9, pp
3118-3128, 2011

[6] Wang Parrbao, Wang Wei Xu, DDian- guo, Li Ming,
Takashashi Toshio, “Application of IR digital controller
IRMCF143 in photovoltaic inverter system” |,
Proceedings of 2012 IEEE International C Conference on
Power Electronics and Motion Control-ECCE Asia, June
2-5, 2012, China, pp 2042-2046

[7] Dezso Sera, Remus Teodorescu, Tamas Kerekes
“Teaching Maximum Power Point Trackers Using a
Photovoltaic Array Model with Graphical User Interface”
Proceedings of International workshop, IWTPV2006,
Czech Republic, March 2006

[8] Zhao Qinglin,Xu Yunhua,Jin Xiaoyi,Wu Weiyang, “DSP
based closed loop control of bidirectional high frequency
link inverter with active clamp”, AS  2005,IEEE
proceedings, pg. -928-933.

[9] Zhilei Yao, Lan Xio,Yanggang Yan, “Seamless Transfer
of single phase grid interactive inverters between grid
connected & stand alone modes” IEEE transaction on
power electronics, vol. 25No. 6,June2010, pg.1597-
1603.

[10] www.ti.com

[11] Hao Zhou, Chawan Tong ,Meigin Mao, Chan Gao,
“Development of single phase photovoltaic grid
connected  inverter based on DSP  control” 2"

International Symposium on power electronics for
distributed generation system,2010,pg.no0.650-653.

[12] Bo Yang,Wuhua Li, Yi Zao,Xiangning He, “Design
& analysis of grid connected photovoltaic system”
IEEE transaction on power electronics,vol.25,no0.4,April
2010,pg.992-1000.

[13] Giuseppe Fedele, Domenico Franscino, “Spectral
analysis of a class of DC-AC PWM inverters by Kepteyn
Series” IEEE Transaction on power electronics, vol.
25,No. 4,April 2010,pg.839-849.

[14] M.Chael, E.Ropp & Sigifredo  Gonzalez
“Development of a MATLAB/simlink model of a single
phase grid connected photovoltaic system” IEEE
transaction on Energy conversion, 2009, vol 3,pg 344-
349,

[15] Hiren Patel, Vivek Agarwal, “A single stage single
phase transformerless doubly grounded grid connected
PV  interface”, IEEE transaction on Energy
Conversion.Volume-24,no.1, march 2009.

[16] Sameer Khader, “ Modeling and simulation of
various inverter circuits for photovoltaic applications” ,

International  Journal of Electrical and Power
Engineering, Vol 5, No.2, pp 74-83, 2011
[17] Huan-Liang Tsei,Ci-Siang Tu, Yi-Jiesu,

“Development of generalized photovoltaic model using
MATLAB/simulink”, proceedings of the world congress
on engineering & computer  science,2008, WCECS,
0ct2008,san Francisco,USA.

[18] D.Amorndecaphon & S.Prenurudeeppreechacharn,
“An improved single phase inverter for small PV system
using soft switching technique, proceeding of ECTI-
CON2008.

108



