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Abstract

This paper proposes a single-stage inverter system with maximum power point tracking control
(MPPT) applicable in low-power photovoltaic (PV) energy conversion systems. The proposed sys-
tem is successfully implemented using a single digital signal processor (DSP) TMS320F2808. The
proposed single-stage inverter system has the following features: 1) the ability to harvest the
maximum PV power using two simple and effective current sampling methods; 2) flexible topology
based on the positioning of DC link capacitor on the outside of the inverter bridge circuits; 3) re-
duced volume and higher efficiency than the conventional two-stage inverters, and 4) MPPT accu-
racy of 99.3% with overall efficiency of 90% under the full-load condition.
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1. Introduction

The development of alternative energy sources has been accelerated due to the growing demand for energy, high
oil prices, and environmental concerns, such as the accumulation of greenhouse gases [1]-[4]. According to the
International Energy Outlook 2009 (IEO 2009) report prepared by the Energy Information Administration of the
USA [5], total world consumption of marketed energy is projected to increase by 44% from 2006 to 2030, as
shown as Figure 1. This has driven the research efforts in areas such as photovoltaic (PV) cells [6]-[10], wind
energy [11]-[14], fuel cells [15]-[19]. Photovoltaic technology is perhaps the best known of these alternatives,
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Figure 1. World marketed energy consumption, 1980-2030 [5].

providing low-voltage DC output for small-scale distributed generation installations.

Conventional two-stage photovoltaic energy conversion systems comprise an MPPT controlling DC/DC con-
verter followed by a DC/AC inverter. Despite the effectiveness of this approach, two-stage inverter systems tend
to be exceedingly large and expensive. As shown in Figure 2, a single-stage topology could help to reduce the
number of components, thereby reducing the physical size, increasing efficiency, and facilitating implementa-
tion [20]. This paper presents a low-power photovoltaic inverter system capable of converting photovoltaic
energy into an AC sinusoidal output as well as tracking the maximum power point using a single-stage topology.
The proposed single-stage photovoltaic inverter system uses only one digital signal processor (DSP) TMS320
F2808 to enable the perturbation and observation (P&QO) MPPT strategy with unipolar sinusoidal pulse width
modulation (SPWM) switching technique.

2. Equivalent Circuit Model of Photovoltaic Cell

The equivalent circuit of a photovoltaic cell can be modeled using a current source in parallel with a diode, and
mathematically modeled using Equation (1). In practice, no photovoltaic cell is ideal, hence, a series resistance
and shunt resistance are added to the model, which results in the equivalent circuit presented in Figure 3 [21].
The current through this non-ideal circuit is described in Equation (2).

I=1p, =1, =1y~ {eXp(nZ j_l} )]
T

where V7 represents the thermal voltage, # is the diode ideality factor (1 for an ideal diode), and /; represents the
reverse saturation current. In addition, the number of current /,, depends on the irradiation to which the photo-
voltaic cell is exposed as well as environmental temperature.

V+IR V+IR
I=1, ~1I |exp| 2255 | g |- 2 @)
nv; R,
where:

3
T gk (1 1
I =1, |—|ex ——— 3
s Phr(TrJ pl: ok [Tr TI‘ (3)
Ry: Series resistance (U);

T,: Cell reference temperature (°K);
R,: Parallel resistance (U);
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Figure 3. Equivalent circuit of a photovoltaic cell with parallel diode and
parasitic resistance [21].

Es: Band-gap energy of the semiconductor;

Ip;, Reverse saturation current at 7,

¢: Charge of an electron (1.6 x 107"’ C); K: Boltzmann’s constant.

A voltage drop occurs in photovoltaic cells when the semiconductor to the electrical contacts is in the range of
few mille-ohms. Furthermore, the resistance values depend on the physical size of the photovoltaic cell. An in-
crease is either series or parallel resistance results in the current-controlled portion of the /-V curve sagging to-
ward the origin, resulting in a slight reduction in the terminal voltage /" and short current. A general resistive
load R is added to complete the equivalent circuit and describe the characteristic curves, thereby making it poss-
ible to determine the maximum power point under various levels of irradiation.

As shown in Figure 4, both R, and R, can be combined into a virtual photovoltaic resistance R,,. The function
of the photovoltaic parameters (V,c, Lse, Vinppr and 1,,,,) can be written as [22]:

I |4 I
R, :_MLJrﬂ[l_iJ 4)
mpp I’”PP mpp
where Viypp, Lnpp, Voo and I represent the voltage and current of maximum power point, open circuit voltage, and

short circuit current of the photovoltaic cell, respectively.

The behavior of photovoltaic cell depends on the voltage and current under loads of various size or type. Fig-
ure 5 illustrates characteristics of a photovoltaic cell with I-V/P-V curves, presenting the MPP in which the
maximum output power is generated. Furthermore, this point varies nonlinearly according to amount of irradia-
tion to which the cell is exposed as well as the temperature of the environment.

Figure 6 and Figure 7 present the /-V and P-V curves under various atmospheric conditions, in which the
amount of irradiation and the environmental temperature also affect /- characteristics. For instance, an increase
in irradiation or drop in temperature will increase the amount of power generated.

A photovoltaic module is an assembly of cells. PV modules are wired together in series or/and parallel to ob-
tain voltage and current required for particular applications, as shown in Figure 8. The photovoltaic array con-
verts sunlight directly into DC voltage and current.
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Figure 6. I-V curves with: (a) different temperature and (b) different irradiation conditions.

3. Design and Analysis of Photovoltaic Inverter System with MPPT Control

In the following, we present the hardware design and system control strategies of the single-stage MPPT inverter.
The DSP-based P&O MPPT method and unipolar SPWM voltage switching techniques were adopted for the
single-phase inverter in order to extract the maximum power out of the photovoltaic array and rectify the AC line
voltage. The photovoltaic energy conversion system in Figure 9 comprises a PV source with DC link capacitor
Cpc on the DC side and a low-pass output filter on the AC side.

3.1. Single-Stage Single-Phase Full-Bridge Inverter

The structure of the single-stage full-bridge (FB) inverter includes a two-leg bridge circuit. In order to prevent
short-through of the DC input, the switching operations of the upper switches are complementary with the lower
switches. Protection is provided by applying a delay-time control (namely a dead-time control) between the
turn-off and turn-on switches in the same leg. The four switching states are represented in Table 1.
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Figure 8. Series/Parallel module of solar cell.

Power Source

Full-Bridge Inverter

Photo-Coupler
HCPL3120

Driver

\/PV Ipv
ADC | ADC
Solar Array
Simulator Coc — Rtoad
- 6.6mF
Agilent E4360
~—

AAA : Driver Driver -

y y : Bootstrap Bootstrap :

Analog/Digital ; Half-Bridge Half-Bridge :

Converter : 4 4 ;

Digital Signal Processor TMS320F2808

Figure 9. Configuration of proposed single-stage single-phase photovoltaic inverter system.



C.-M. Lai, S.-P. You

Table 1. Switching states of the single-phase full-bridge inverter.

State Turn-on Switches Turn-off Switches Vas
0 Ta+, To- Ta-, T+ +Vpc
1 Ta-, Trr Tas, Tp- —Vbce
2 Ta+, Toe Ta-, Ta- 0
3 Ta, Ts- Ta+, To+ 0

Using the same input DC voltage, the maximum output voltage of full-bridge inverter is double that of the
half-bridge (HB) inverter. This means that the output current and switch currents of the full-bridge inverter are
half that of an HB inverter of the same power rating. The relationship between output voltage and switching at
leg A and leg B is presented in Equation (5), and the switching states of the single-phase full-bridge inverter are

presented in Figure 10.
v 1 -1||T
= Ve - (%)
Vi BA -1 1 T, B+

3.2. Sinusoidal Pulse Width Modulation (SPWM) Voltage Switching Technique

SPWM is widely used in the conversion of the DC to AC for industrial applications. This approach produces a
sinusoidal wave output, the amplitude and frequency of which can be controlled. Generating the switching sig-
nal involves using a sinusoidal reference signal that is compared with a repetitive switching triangular waveform.
The switching frequency of the inverter is determined according to the frequency of the triangular waveform.
The amplitude modulation ratio m,, and frequency modulation ratio m,are defined as follows:

V

m, = control(peak ) ;mf =£ (6)
Vtri(pea.k) fi
where V. 14

control(peak) > Viri(peak) /1, and f; present the peak amplitude of the sinusoidal reference signal and triangular
waveform, and the frequency of the sinusoidal reference signal and triangular waveform, respectively.

In the uniploar SPWM switching scheme, the generation of a sinusoidal output voltage waveform with varia-
ble frequency and amplitude involves comparing the two sinusoidal reference signals (Vcontrols — eontror) With the
triangular waveform (V};;). The resulting PWM signals are presented in Figure 11. The resulting waveforms are
used to control the switches as follows:

Leg A:
Voot > Veis Tao onand V=V, o
Vewtrot > Viis To_onand V,, =0 ®)

Leg B:
~Veontrot > Viis To_onand V,, =0 ©
—V ool < Vs Ty, onand Vg =V, (10)

The output voltage with the unipolar SPWM voltage switching scheme changes according to Vpc to —Vpc in-
put voltage levels. Furthermore, the frequency of the output voltage is double that of the triangular waveform,
due to the control signals used for the two legs. Using uniploar SPWM voltage switching results in a smaller
ripple in the current on the DC side of the inverter with the result that the switching frequency in the harmonic
spectrum of the output voltage waveform is doubled, such that the lower harmonics appearing in the side band
are twice the switching frequency. The output voltage depends on the amplitude modulation ratio, as follows:

V,=m,Vy(m, <1.0) (11)

Ve <V, <i~VDC(ma >1.0) (12)
T

()
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Figure 11. Adopted unipolar SPWM voltage switching technique.



C.-M. Lai, S.-P. You

In addition, the harmonic order / can be presented as:
h=j-(2m, )k (13)

where the harmonics exist as sidebands around the multiples of 2mj; as shown in Figure 12, in which 4 is odd,
such that k obtains only odd values.

4. Proposed Current Sensing Technique and Control Flow-Chart

A conventional single-stage MPPT inverter is presented in Figure 13(a). To decrease the input voltage ripple of
the inverter, the DC side of the inverter is normally connected to a large capacitor. This paper proposes an alter-
native current sensing technique to enable maximum power point tracking inverter, as shown in Figure 13(b).
The internal DC link capacitor on the DC side can be moved outside the inverter to enhance system flexibility,
while retaining the accuracy of MPPT within a conventional topology. We also propose a new control strategy
to enable the PWM interruption of upper-switch (Ta-) for analog to digital (A/D) channel conversion, when the
event time-based counter increments off the lower-switch (T,-). This makes it possible to prevent the extraction
of switching spikes when the A/D converter is activated and also provides a number of additional options for
sampling by controlling the dead-time. The control flow-chart of the proposed inverter system is presented in
Figure 14.

5. Experimental Results of Proposed Low-Power Photovoltaic Inverter System

This study fabricated a laboratory prototype to validate the accuracy and efficiency of the proposed low-power
photovoltaic conversion system. The test conditions of the experiments are presented in Table 2. The bench se-
tup in the experiment comprises a full-bridge inverter with a passive filter and a solar array simulator (Agilent
E4360) as a power source, delivering the maximum output power as determined by the electrical characteristics
of the photovoltaic cell array.

5.1. Experiment-1 (Conventional MPPT Inverter System)

This section presents the implementation of a conventional energy inverter system, in which the sensing wave-
forms 1,, and V), are the DC level. We began by setting the initial amplitude modulation ratio as 0.6, such that
the steady-state MPPT performance can be obtained following the activation of the system. The maximum pow-
er for the available atmospheric conditions was set to approximately 11W with MPP current and voltage of 7,,,
=1.1 A and V,,,, = 10 V, respectively. Figure 15 shows that the solar array simulator can deliver an output
power of approximately 10.86 W to the inverter, thereby achieving 98.8% accuracy. The experimental wave-
form obtained for a supplied power of 50 W is presented in Figure 16.

5.2. Experiment-2 (Proposed MPPT Inverter System)

For this experimentation, Figure 17 and Figure 18 present the input and output parameters (¥, Lovs Ppvs Louss Vours
THD) for a supplied power of 10 W and 50 W, respectively. The spike of voltage and current in Figure 17(b)
and Figure 18(b) were generated primarily through tracking variations.

(Vo)
Ve

1.0 (2mf-1)

0.8 /2mf+1)
0.6
/ (4mf+1)

: o

1 mf 2mf 3mf 4m

(Harmonics of 1)

Figure 12. Analysis of harmonics in unipolar SPWM voltage switching technique (m, = 0.8).
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Table 2. Specifications of the experimental prototype system.

Parameter
Maximum Input Power (P, max)
Switching Frequency (Fy)
Input Voltage/Current (V;,/1;,)
Output Voltage/Frequency (Vou/Fou)

Capacitance of DC-Bus (Cpc)

Full-Bridge Circuit Switches (Ta+, Ta-, Tp+, Tp-)

Value
50 W
120 kHz
17V29 A
11 Vrms/60 Hz
Cpc =470 pF

IRF2804 (40V/75A/2mohm)

Filter Inductance (L) L=0.7mH
Filter Capacitance (C) C=6.8 uF
MPPT Accuracy 98%
Overall Efficiency 88%
Sensing Point Full-Bridge Inverter
S v Leg A Leg B
% * é L
4 ADC [ ADC 'ILI’"— TH;I:_
) {
* 1 Coc ;’-_\ VAN VBN VaB c= Rload
+4 }
+4 wht off
4+
A
Photovoltai y \
Panel
[ e I e B
Digital Signal Processor
> TMS320F2808
(a)
Sensing Point Full-Bridge Inverter
""""" vor Leg A LegB
il ;l] J] .
ADC [ADC "L,"'_ TL,:_
VAN VBN Vas c Rload

w o ﬂ%

Photovoltaic
Panel

A

1 I | S e

Digital Signal Processor
TMS320F2808

(b)

Figure 13. Current sensing techniques for single-stage inverter: (a) convention-

al and (b) proposed.

5.3. MPPT Accuracy and Overall Efficiency

Overall efficiency depends on the efficiency of the inverter and the MPPT algorithm used to extracts the maxi-
mum power from the PV module. The overall efficiency of the photovoltaic system is defined by Equation (14).
As shown in Figure 19 and Figure 20, the proposed energy conversion system achieved the MPPT accuracy
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Figure 15. Conventional MPPT inverter with 10 W power.

and overall efficiency values of 99.3% and 90% under the full-load condition, respectively.

; ) . _ PMPPT [W] ) Pout [W]
Overall MPPT Inverter PPV [W] PMPPT [W]

Vpv (10V/div)

Ipv (1A/div)

@ : Ppv (5W/div)
Time: 10s/div

(14)
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6. Conclusion

This paper proposes a single-stage maximum power point tracking inverter for low-power photovoltaic energy
conversion systems. The proposed scheme is successfully implemented using a DSP TMS320F2808. The results
lead to the following conclusions: 1) The performance of the single-stage MPPT inverter is validated using a
50W prototype. Two different current sampling methods can be applied to maximize power generation. The
proposed topology enhances the flexibility of the system by moving the internal DC link capacitor to the outside
of the inverter; 2) A single-stage energy conversion system results in a smaller physical volume with higher ef-
ficiency, compared to conventional two-stage designs; 3) The MPPT accuracy and overall efficiency of the pro-
posed energy conversion system are 99.3% and 90% under full-load condition, showing a marked increase over
the 98.5% accuracy and 89.5% efficiency obtained using a conventional topology.
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