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Abstract

In this paper, a simple Digital Signal Processor (DSP) based Maximum Power Poin-
ter Tracking (MPPT) control and Inverter Control is presented for solar energy ap-
plications, especially photovoltaic and wind energy systems. The proposed MPPT
controlled boost converter is able to reduce the inrush current and the overshoot of
the output voltage of the system. Details of the proposed Maltab-Simulink based
MPPT and Inverter Control are shown and implemented using a DSP. The proposed
system is analyzed and simulated for verification. To validate the system, a 100 W
prototype test-bed is built and tested. The results show that the proposed system can
be applicable for solar energy applications.
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1. Introduction

Solar and wind energy systems have become increasingly popular as the desire for clean
energy has grown. Typically, these energy systems consist of buck or boost converter
and DC/AC inverter. For instance, a solar power converter incorporates a photovoltaic
panel, buck or boost converter (DC/DC converter) depending on the input voltage lev-
el, and inverter system to create 60 Hz, or 50 Hz AC grid power [1] [2]. Also, Maxi-
mum Power Point Tracking (MPPT) algorithm plays an important role in the DC/DC
converter to extract the maximum power under any circumstance. Up to date, various
MPPT algorithms have been developed [3]-[14].
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In order to achieve the maximum power point (MPP) of photovoltaics, MPPT algo-
rithms are normally used. One of MPPT algorithms, Incremental Conductance (INC)
algorithm mainly relies on the tangential value of the photovoltaic (PV) operation point
to predict the right direction of MPP. Fixed step-size INC algorithm [13] is focused on
stability and effectiveness of the algorithm due to the fact that adaptive step-size could
adversely affect the MPPT controller under certain circumstances with noise and con-
dition changes, whereas the disadvantage of the fixed step-size INC is the slow response
to the environmental condition changes. The other popular MPPT algorithm, Perturb
& Observe (P & O) can iteratively perturb the PV voltage and observe the changes in
PV power so that it can continuously move the operation point along the direction to-
wards the MPP. P & O algorithm does not involve derivative operations [14] and hence
it would have easy implementation. However, the most of MPPT algorithm would aim
at finding a MPP rather than preventing an inherent in-rush current and minimizing
the overshoot of the DC/DC converter for any MPPT algorithm. In this paper, a DSP
based simple soft-start MPPT algorithm, and Sinusoidal Pulse Width Modulation
(SPWM) algorithm are presented. With the merit of simplicity of the Perturbation and
Observation (P & O) among the MPPT algorithms, a simple soft-start MPPT is devel-
oped based on P & O. The P & O method is achieved by constantly changing the output
power according to the load current direction (increasing or decreasing) [10] [11]. The
proposed MPPT algorithm could be easily implemented in either solar or wind systems
[12] and even could prevent from the inrush current and minimize the overshoot of the
boost converter. In the inverter control, a simple Matlab/Simulink based DSP imple-
mentation method is proposed. The overall system is described in Section 2. In Section
3, DSP implementation of MPPT and inverter control is explained. Section 4, the con-

clusion is addressed.

2. Overall System

Based on objectives of photovoltaic systems, photovoltaic systems can be generally clas-
sified into stand-alone and grid-connected photovoltaic systems. Stand-alone photo-
voltaic systems are designed to supply local electric load, and generally consist of ener-
gy storage devices for meeting excessive electricity demands. Grid-connected photo-
voltaic systems are designed to deliver photovoltaic power to electric grids. In this sec-
tion, a brief introduction of stand-alone photovoltaic systems is described because our
research is focused on the stand-alone photovoltaic system.

The fundamental topology of a stand-alone photovoltaic system is shown in Figure

A stand-alone system consists of the following components:
— Solar Cells/Solar Panels/Solar Arrays
— Maximum Power Point Tracking Controller
— Voltage regulator of photo voltaics
— PWM Generator
— DC-DC Converter
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Figure 1. The topology of the stand-alone photovoltaic system.

— DC Electric Load
— DC-AC Inverter (Optional).

Prior to addressing the MPPT algorithm, the overall hardware set up is described in
this section. In the hardware setup, a conventional boost power converter is built for
solar applications as seen in Figure 2. First, the DC voltage from a photovoltaic panel is
stepped up using a boost converter. A Maximum Power Point Tracking (MPPT) algo-
rithm based on Perturb and Observe method can control the duty cycle of the boost
converter to ensure the maximum possible power drawn from the panel. The purpose
of the boost converter in this system is to take the input voltage from the photovoltaic
panels and boost it to a voltage being high enough for the inverter to convert the DC
voltage to 120 volt AC (rms), for a conventional utility power supply. In order to build
a 100W small prototype system as seen in Figure 3, two solar panels, the model num-
ber is BP350] [14] are used, which can provide up to 50 watts of power. It has a nomin-
al voltage of 12 V. The MOSFETs, inductor, diode, and capacitor were well chosen with
consideration of current and voltage ratings. This means that the MOSFET has to have
a high breakdown voltage, and be able to withstand high currents. The MOSFET cho-
sen for the hardware setup is the IRFP4768PbF [15], which has a breakdown voltage of
250 V. and a maximum of the drain current of 93 A. The diode, D1 chosen is the
HFAS50PA60C [16]. This is an ultrafast diode with a reverse recovery time of 50ns. The
reverse voltage is 600 V and forward current is 25 A. The inductor and capacitor were
chosen by considering voltage and current ratings in our system.

Figure 3(a) of Figure 3 shows the solar panel used in this research and Figure 3(b)
of Figure 3 shows an experimental set up DC/DC boost converter. The simulation re-
sults in Figure 4 are of the boost converter turning on to 70% duty cycle, boosting an
input voltage from 20 V to 66 V. In Figure 4, the voltage is seen to spike above the ex-

pect output voltage and then slowly settle down. Much like the output voltage, there is a
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Figure 2. Overall system configuration.
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Figure 3. Hardware setup. (a) Solar panel; (b) Boost converter.

large spike in current as the boost converter turns on. This is because of the large value
of the output capacitance. If the boost converter was turned on slowly by using software
implemented soft start that slowly incremented the duty cycle on turn on, these spikes

can be avoided.

3. DSP Implementation of Maximum Power Pointer
Tracking and Inverter Control

3.1. MPPT (Maximum Power Pointer Tracking) Algorithm

Maximum Power Point Tracking (MPPT) controllers are popular in both stand-alone
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Figure 4. Boost converter simulation results. (a) Output voltage; (b) Inductor current.

and grid-connected photovoltaic systems. A MPPT controller can be designed as a
physical analog circuit as an embedded system. The main objective of a MPPT control-
ler is to extract potential maximum power from photovoltaic cells by continuously
perturbing the operation point of the photovoltaic cells. The operation point of photo-
voltaics consists of two parameters, the photovoltaic voltage and photovoltaic power. It
can be treated as a point on a P-V curve. The operation point will reach the maximum

power point if the MPPT controller rationally perturbs the photovoltaic voltage. At the
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end of every control interval, a new photovoltaic voltage reference is calculated by the
MPPT algorithm and sent to the photovoltaic voltage regulator. Recently, even though
numerous MPPT algorithms have been researched [1]-[12], the adopted MPPT algo-
rithms of commercialized solar energy applications are still based on the conventional
Perturb & Observe (P & O) algorithm due to its easy implementation and robust per-
formance. A Voltage Regulator of photovoltaic cells is essential for a MPPT controller.
The voltage regulator is to make the photovoltaic voltage trace its reference value,
which is provided by the MPPT algorithm. There are few MPPT research papers that
mention photovoltaic voltage regulators by showing a PI/PID controller in their control
loop. The fulfillment of the photovoltaic voltage regulation requires a proper compen-
sator which can improve the transient response of a photovoltaic system. The design of
such a compensator must consider the photovoltaic model and its associated power
electronic system. The proposed feedback control loop for the voltage regulation is
shown in Figure 5. The fundamental control signal of a photovoltaic system is a
Pulse-Width-Modulation (PWM) signal, which can be generated by an analog circuit
or by a microcontroller. In a photovoltaic system, the PWM signal causes the system to
perform two structures in every switching interval. The widths of switch-on and
switch-off intervals determine system dynamics. In other words, by changing the duty-
ratio of the PWM signal, the DC-DC converter (which is shown in Figure 1 and Figure
6) can change the proportion of its input terminal voltage to its output terminal vol-
tage. The equivalent internal impedance of PV cells is able to be perturbed. In conse-

quence, the photovoltaic power can be changeable [11].

Measured Photovoltaic voltage Voltage

Sensor
Reference Voltagér Duty ratio Photovoltaic

Compensator Power Stage
Array
Power
Electrical delivery
Load
Figure 5. The topology of the voltage regulation of a photovoltaic system.

Irregular Power Input =~ cccccccc e e e e - -~ Regulated Power Output

Power System

Figure 6. Boost converter with its PWM signal.

66

K
0:52: Scientific Research Publishing



W. Naetal.

A DC-DC converter can step-up/step-down the voltage level of its input DC power.
In a photovoltaic system, the input photovoltaic voltage level may not exactly meet the
requirement. Therefore, the first objective of a photovoltaic DC-DC Converter is to
change the voltage level of input photovoltaic power. The second objective is to
realize the voltage regulation of photovoltaics, as associated with a voltage or cur-
rent control.

Several MPPT algorithm research assumed that the electric load of photovoltaic
MPPT systems can be only resistive. Such assumption may be impractical. The tran-
sient response of a power converter may be undesirable and unpredictable if electric
load is only resistive. Thus, the output voltage regulation of the converter is to be con-
sidered. To avoid the above issue related to the converter’s output voltage regulation,
the appropriate electric load for a stand-alone photovoltaic system should consist of
depth-recycled batteries and ultra-capacitors. These can absorb the increasing photo-
voltaic power, and stabilize the voltage of the output terminal at a relative fixed level if
the load’s capacitance is sufficiently large so that MPPT can effectively work in the sys-
tem. However, in our research, the output voltage regulation depending on the load
parameter is out of scope of the paper because to design the output voltage regulation
of the system, a detailed small signal model based transfer function is to be derived in
the case of adopting a linear voltage regulator. By the way, aforementioned, a MPPT
algorithm based on Perturb and Observe is used for the system. Perturb and Observe (P
& O) introduces an initial perturbation to the boost converter voltage by changing the
gate signal duty cycle and then observations are made using sensing circuitry to change
the gate signal duty cycle to move closer to the Maximum Power Point (MPP). Perturb
and Observe uses voltage and current measurements to calculate change in power over
a change in time (AP) and change in the duty cycle (AD) of the signal sent to the gate of
the switch in the boost converter.

Given that AP and AD can be either positive or negative respectively, there are four
cases to determine whether the duty cycle of the gate signal should be increased or de-
creased as shown in Table 1. The case 1, when power has increased and the duty cycle
has increased, the duty cycle should continue to increase toward the MPP. The case 2 is
similar except the duty cycle should continue to decrease toward the MPP. The cases3
and 4 occur when the power has decreased, so the duty cycle has moved the PV voltage
away from the MPP. The duty cycle is then reversed. It is decreased in the case 3 and
increased in the case 4. The flowchart in Figure 7 explicitly explains the P & O algo-

Table 1. P & O cases.

Case AP AD Next Duty Cycle
1 + + +
2 + - -
3 - + _
4 - - +
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Figure 7. Boost converter simulation results. (a) Output voltage; (b) Inductor current.

rithm. A Simulink DSP Program Model for the MPPT algorithm in Figure 8 starts with
basic testing of the Analog to Digital Conversion (ADC) inputs. Voltages from the vol-
tage sensing circuit were read into the Texas Instrument 32-bit fixed-point DSP
TMS320F2812 [17] and were validated on the scope functionality in Code Composer
Studio software developed by Texas Instrument. The ADC is set to read in measure-
ments every 100 ps. Once the sensing voltages are read a windowed average of 1 sec is
taken to increase the accuracy of the measurements. Gain blocks are used to account
for the voltage division of the voltage sensor and to convert from Volts to Amps for the
current sensor. A product, unit delay, and sum blocks are used to find the change in
power over the averaged 1 sec measurement. Similarly two unit delay blocks and a sum

block are used to find change in duty cycle over the 1sec time period. A product block
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Figure 8. Simulink model for MPPT and soft start block.

is used to determine if the duty cycle will increase or decrease. A sub-process block
was made in Simulink to increase, or decrease the duty by 1%. If the input to the
block is less than zero the output is —1, if the input to the block is greater than zero
the output is +1, and if the input to the block is equal to zero the output is +0.01 for
an offset. As shown in Figure 9, the soft start increases the duty cycle by 5% every 5
sec until 40 sec where the duty cycle is at 30% and is then controlled by the MPPT

updated every 1 sec.

3.2. Performance of the Conventional P & O MPPT

This section discusses the performance of the conventional P&O algorithm. The con-
ventional P & O algorithm generally exhibits a trade-off between the tracking velocity
and MPPT efficiency. This nature can be seen by simulating behaviors of the conven-
tional P & O algorithm with two different perturbation intensities, 0.1 V and 2.0 V. In
this simulation, the perturbation frequency is set to 1 Hz. In the following analysis, the
term “perturbation intensity” is denoted by “p-i”. Figure 10 illustrates that the P & O
algorithm with larger perturbation intensity shows a faster tracking velocity, while Fig-
ure 11 shows that the algorithm with a weaker perturbation intensity presents a higher
MPPT efficiency by comparing both average powers with different perturbation inten-

sity.

3.3. Inverter Control

Many photovoltaic systems are designed to supply to AC loads, like motors or pumps.
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Duty Cycle

Figure 9. P & O simulation duty cycle output (%) based on time change (0 - 100 sec).
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Figure 11. Power with different intensities.
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In such case, a DC-AC Inverter is added into the system topology. A DC-AC Inverter
can be directly cascaded to a DC-DC converter, or can be connected to the medium
energy storage devices, such as ultra-capacitors and batteries. The fundamental com-
ponents of a grid-connected photovoltaic system involve photovoltaic arrays and a
DC-AC inverter. The basic topology is shown in Figure 12. To convert the standard
AC power (120 V/60 Hz), the required voltage level of the input DC power should be
greater than 240 V[Volt]. However, to meet this voltage requirement, the size of the
input photovoltaics has to be enlarged.

As seen in Figure 1 and Figure 12, the inverter takes the DC output of the boost
converter or the Photovoltaic array directly, and turns it into AC power. The inverter
uses a classical H-Bridge topology shown in Figure 13. The H-bridge is comprised of a
voltage source (V) and four power switches. A purely resistive load (Rload) is also
shown in Figure 13, but in the test LC filter is connected before Rload. To produce AC
power at the load a method known as Sinusoidal PWM (SPWM) is used. An excellent
description of SPWM is given in papers [18] [19]. To generate an AC output with fre-
quency £, a sinusoidal control signal V.., at frequency £ is compared with a triangu-
lar waveform V_, ...
PWM output is HIGH, otherwise the PWM output is LOW. The frequency of the car-

rier (£,..;) determines the switching frequency of the inverter (£).

as shown in Figure 14. When V., is greater than V., the

Photovoltaic DC-AC

> Gird

Array Inverter

Figure 12. The topology of a grid-connected inverter.

-

— — %
ve @D Rload

°

— —k 3

1l

Switching Logic

Figure 13. Single phase inverter schematic with a resistive load.
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/1 Vcontrol ﬁ Vcarrier

-1.0

—»1/f [<— t

Figure 14. Bipolar SPWM Description (111, = 0.8, m,= 15).

An important ratio called the modulation index (/m,) can be described as:
m = Ycontrol (1)

1
triangle

Also, the modulation ratio (m,) can be defined as:

fo
carrier (2)

mf=f

control

An important feature of SPWM is that it allows for the control of the output fre-
quency and the control of the out-put voltage amplitude. The output frequency and
output amplitude are governed by the following equations:

fl = fcontrol (3)

(Vour), =M, #V, (4)

out

These Equations(1) - (4) mean that the output voltage frequency is the same as the
control signal frequency, and the peak value of the fundamental output component can
be controlled by varying the modulation index m;. To create the SPWM signals a
TMS320F2812 DSP based eZdsp [20] prototyping board was used. A Simulink block
diagram and the auto-code generation tool were used to create a program for the DSP
board. Software called Code Composer Studio sends the program to the DSP board.
Code Composer Studio also allows for real time debugging of the DSP. A software to
create the Bipolar SPWM signals is included in a Matlab/Simulink file called inver-
ter_bipolar.mdl in Figure 15. A novel way to create the SPWM signals can be achieved
by directly feeding a specialized sine wave into a PWM block. The PWM block accepts
values between 0 and 100. The values correspond to the negative duty (in percent). For
example, to create a 20% positive duty cycle, a value of 80 should be input to the PWM
block. In Figure 16, the PWM output pairs 1, 2 (W1) and 3, 4 (W2) are used. The input
to W1 creates the output on PWM output 1. PWM output 2 is automatically created as
the logical inverse of PWM output 1. Likewise W2 corresponds to PWM output 3, and
PWM output 4 is automatically created as the inverse of PWM output 3.

In Figure 10, the modulation index is a function of the Amplitude and Bias parame-

ters. Bias should always be set to 50. The equation for Amplitude is given as:
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Sine type determines the computational technigue used. The parameters in
the two types are related through:

Sarmples per period = 2*pi / (Frequency * Sarmple time)
Number of offset samples = Phase * Samples per period / (2*pi)
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Figure 16. Setting of Sine Wave block.
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Amplitude =100/2 * m, =50 m, (5)

For example: for a modulation index of 0.7, set Bias to 50 and Amplitude to 35. An
alternative way to set amplitude of the sine wave (hence setting the modulation index)
would be set to Amplitude and Bias to 50 and use a gain block at the output of the sine
block. In this case the gain would directly correspond to the modulation index. Table 2
shows the operating parameters of the inverter for the experimental set up.

The frequency of the reference sinusoid can be set by entering the desired frequency
(in radians/sec) into the Frequency parameter. The Sample time field dictates the fre-
quency of the carrier, £, Figure 17 shows the connection diagram between the DSP
PWM outputs and the individual IGBTs. Note that the gate drives have not been shown
in Figure 17. To test the small-scale operation of the solar inverter system a DC power
supply was connected to the boost converter to mimic the DC output of a solar panel.
The output waveform of the filter was then recorded with an oscilloscope, as shown in
Figure 18. Fast Fourier Transform (FFT) analysis was performed on the signal to check

the output frequency. Figure 18 shows a sinusoidal output of the LC filter in the upper

4@ — 3

C281x
T’W‘l """ sPWMout1—— | | |
erteg 1 - >PWM out 2—
----- >PWM out 3
—»W2 - >PWM out 4
Right Leg PWM ——
PWM __“;L} K}

Figure 17. Connection between DSP and inverter.

V] TekRun i : Trig'd
T T AL 4.96 V
i f : . X i@ 500V
..... .Y A 10.7 kHz
1@ 60.0Hz
‘? .....
..... +++] [sec]
S DO | U S U | T

“Cha 500V M200ms A Ch2 7 6.00V

Figure 18. Inverter output experimental result with FFT analysis.
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Table 2. Operating parameters.

Parameter Value
Vq4 10V
éarrier 60 HZ
Lﬂlter 1 mH
Ciiler 100 uF
Rioad 500 Q
m; 0.8
my 83

half of the plot. The lower half of the plot is the frequency spectrum of the output. The
output signal is 15 V. The large DC component at the fundamental frequency, 60 Hz
in the FFT analysis is shown because the output is operating at 60 Hz. The almost com-
plete absence of spikes at other frequencies indicates there is little harmonic distortion

at the output voltage.

4. Conclusion

In this paper, a simple DSP implementation for a soft start based Perturb & Observa-
tion based MPPT algorithm and inverter control has been presented for solar energy
applications. To validate the proposed MPPT algorithm and inverter control, a 100 W
test-bed is built and tested. The proposed MPPT algorithm and inverter control are
simply implemented in Matlab/Simulink based DSP program for a solar application.
The results show that it could successfully reduce the inrush current and the overshoot
of the output voltage in the system by changing the duty cycle gradually under consid-
eration of the MPPT algorithm, and its inverter control is also successfully imple-

mented in terms of reducing harmonic distortion.
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