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Abstract

Renewable energy is one of the fastest growing trends in post-industrialized societies as they
face growing energy demands and actively seek cost effective solutions. Among these solutions includes
solar energy, specifically photovoltaic arrays. Photovoltaic arrays allow societies to drastically reduce
energy expenses and dependency on non-renewable energy sources. Given a reasonable location and a
well-designed application, photovoltaic arrays can provide an excellent, cost saving solution for users
requiring large amounts of power.

This report details a system that can be used to implement a grid connected photovoltaic array
with maximum power point tracking. The system consists of a dc-dc boost converter and H-bridge design
with a passive filter and step-up transformer. The dc-dc converter utilizes an MPPT algorithm, charging a
dc bus capacitor. The H-bridge maintains a constant voltage on the dc bus capacitor, and outputs a PWM
signal which is then conditioned by a low-pass filter. The output voltage, current and power will be
monitored, displayed on an LCD, and a USB drive will allow for the history of the system to be uploaded
to a PC. The system hardware, software, and control systems are discussed in the following report.

Simulations are included to demonstrate the overall operation of the entire system.
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1. Introduction

1.1 System Overview

This system encompasses a single-phase, grid connected photovoltaic array with maximum power

point tracking and can be broken down into the following constituent elements:

PV Array

Boost dc-dc Converter
Energy Storage Capacitor
H-Bridge dc-ac Inverter
Output Filter

Step Up Transformer
Utility Grid

N o g s~ w P

An illustration of the general overview of the grid-connected PV array system follows in Figure 1.
The voltage directly off of the PV array is stepped up to the dc bus voltage across the energy storage
capacitor (57 V) by use of a boost converter. Using the MPPT algorithm (see MPPT section for details),
the boost converter charges the dc bus capacitor. The H-bridge Pl network maintains a steady output
relative to the desired dc bus voltage. A Phase Lock Loop routine creates an ac reference signal that
matches that of the utility grid . The output filter then shapes and filters the ac signal into a sinusoid. A 36
T 120 V step up transformer is used to step up the voltage to match that of the utility grid.

Each of the power switching devices found in the circuit utilizes an individual isolated gate driver
(see section concerning gate drivers). These gate drivers receive their PWM input signal from the DSP

(Texas Instruments 2808).

Figure 1: System Overview
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1.2 Maximum Power Point Tracking Overview

The DSP incorporated in this system is responsible for the MPPT algorithm and implementation.
Using current and voltage sensors, the MPPT is able to adjust the duty cycle of the dc-dc boost switch to
draw the maximum possible power out of the PV array at a given insolation. A general overview of the

MPPT network is explored below (Figure 2).

1 Current and voltage sensors are used to measure the current and voltage of the PV array to be
read by the DSP.

1 A voltage sensor is used to measure the dc Bus voltage at the output of the boost stage and is
read by the DSP.

1 The power from the PV array is calculated by the DSP.

1 From the power calculation a maximum power point duty cycle is obtained to deliver the proper

amount of current necessary to charge the capacitor on the dc bus.

1 The inverter Pl network controls the discharge of power from the capacitor necessary to keep the

dc bus voltage above that of the utility grid.

The MPPT algorithm works by comparing the current PV power value it has read with the last one it
recorded. Depending on whether or not the current power is greater or less than that of the old, the MPPT
wi || perturb the inverterds reference current by a di
As this is an iterative process, the maximum power will eventually be discovered and the current values
will gravitate towards that point. By keeping the current at the MPP, the voltage follows given a constant

insolation.
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1.3 Motivation for PV Array with MPPT

Renewable energy is one of the fastest growing trends in post-industrialized societies as they
face growing energy demands and actively seek cost effective solutions. Among these solutions includes
solar energy, specifically photovoltaic arrays. Photovoltaic arrays allow societies to drastically reduce
energy expenses and dependency on non-renewable energy sources. Given a reasonable location and a
well-designed application, photovoltaic arrays can provide an excellent, cost saving solution for users

requiring large amounts of power.

The goal of this project is to build and design a system that can be used to implement a grid
connected photovoltaic array with maximum power point tracking. This system implements maximum
power point tracking (MPPT) to ensure energy savings. By using an MPPT algorithm, this application will
be able to extractthe most power from the sun, gi vbhasad pholoeoltaici mi t at i
cells, and implement said power into the local power grid. Due to its low latitude and relatively sparse
cloud cover, the Northwest Arkansas region enjoys decent insolation. On average, the Fayetteville area
receives 3.5 to 5 kW hr/sq. meter of insolation per day, which is more than enough to justify installation of

a grid tied photovoltaic system.
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2. Theoretical Background

In order to understand the simulation, it is first necessary to be acquainted with the control system
used in the project. The system employed is a modification of the system that was first introduced by
Fangrui et al. [1]. In this control scheme, a Tl 2808 DSP is used to control the duty cycle for the switching

of the dc-dc converter and the gates of the h-bridge.

The algorithm programmed in the DSP to control the dc-dc converter is the perturb and observe
method [1]. In this method, the DSP is consistently monitoring the voltage and current from the PV array.
These are multiplied together to produce the power from the PV array. Then, this reading of the power is
compared to the previously received power reading. If the power has decreased, then the sign of the
multiplier reverses. So, if the multiplier were positive and the DSP detects that the power received most
recently is lower than that previously received, the multiplier would then become negative. If the power
has increased, the multiplier will stay the same. Then, this multiplier is multiplied by a constant value
which is then added to the current duty cycle t

then changed, and the power is then sampled again.
In this way, the DSP is consistently working to get to the maximum power point (MPPT) of the

PV array for the given insolation and temperature. This is desirable because the temperature and sunlight

received will constantly be changing throughout the day.

Initialize Iref, Alref, and Pald I

Measure Ppy

Ppv=Pold?

NO

ADutyCycle=-ADutyCycle

DutyCycle = DutyCycle +A

Du cle

Pold = Poy

Figure 2: MPPT Algorithm
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To control the H-bridge, a PI control network and a phase locked loop were employed to control
the output current of the H-bridge system and synch the output current of the H-bridge with the voltage
from the grid. For the PI controller, the desired voltage constant is the reference and the dc bus voltage
across the capacitor is the input to the PI controller. The output of the Pl controller is the amplitude of the
current desired for the system.

As an input to the phase lock loop the grid voltage is fed into a DSP input after being shifted and
scaled. The phase lock loop determines when the grid voltage crosses from positive to negative. It is the
goal of the phase lock loop to follow a 60 Hz sine wave. From this fact, the PLL begins to count up from
zero once a negative voltage crossing has occurred. Upon reaching 2*pi, it resets and constantly is in
synch with the grid in this manner. The desired amplitude for the current (output of the PI controller) is
multiplied by the output of the phase lock loop. This value is then sent into our PWM blocks using the
switching scheme discussed above.

The phase lock loop ensures that the output current from the h-bridge will be in phase with the
voltage from the grid. This is important since real output power is the goal, and having the current and
voltage at unity power factor will produce the desired results.
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3. Hardware Design Overview

3.1 Introduction

The design of the system required isolating components, effective grounds, and power supplies.
Two grounds, digital and analog, were used to separate the digital circuitry from the analog circuitry. Also,
circuit designs to interface the hardware with the DSP were implemented. Finally special precautions
were taken to ensure voltage and current circuitry was isolated by using isolated components. All of these
issues are addressed in the following sections along with the designs for the analog circuitry, the digital

circuitry, and power electronics circuitry.

3.2 PV Array Modules

For this application, two Kyocera photovoltaic modules (KD205GX-LP) were chosen. These
modules were selected because of their low cost and high power output. At maximum insolation of 1000
W/m? each module will produce 205 W at 26.6 V and 7.71 A [2]. These two modules will be connected in

series to provide a maximum power of 410 W at full insolation.

Along with information obtained from the data sheet, a Simulink model [3] was used to determine
the MPP for varying levels of insolation. These insolation levels start at 1000 W/m2 and fall in 200 W
intervals until the final value of 200 W/m2. The results of the subsequent simulations are illustrated in the

following figures.

El E 1

Figure 3: Single Module, Current vs. Voltage Relationship at Varying Insolation
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Figure 4: Single Module, Power vs. Voltage Relationship at Varying Insolation

Figure 5: PV Array, Current vs. Voltage Relationship at Maximum Insolation

XY Plat

¥ Axis

Figure 6: PV Array, Power vs. Voltage Relationship at Maximum Insolation
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3.3 DSP

The DSP used in this project was the TMS320F2808 from Texas Instruments, Inc. The speed and
options of this DSP set it apart, making it ideal for use in grid-connected power systems. The 2808 DSP
boasts a 100MHz clock, 2 8-channel 12-bit analog-to-digital converters, 16 PWM outputs, and 35
individually programmable General-Purpose-Input/Output (GPIO) pins [4]. The 100MHz clock is helpful for
this project as it will allow for quick responses required for the switching in the H-Bridge PI algorithm. The
DSP also lends a hand in the area of programming. The programs for the DSP were written were
encoded into MATLAB Simulink instead of the more tedious Assembly Programming Language.
Additionally, the DSP was sold in an evaluation board which includes all necessary circuitry for the DSP.
The evaluation board includes a USB connection which was used to connect to a computer for
programming of the DSP. The evaluation board comes in two setups: one with the DSP soldered on the
evaluation board, and another with a slot connection. Due to the possibility of errors resulting in
permanently damaging the DSP, the socketed connection was selected as it allows for the ability to
replace the DSP should it become damaged. Figure 7 shows the DSP on the evaluation board in the

socket-connected configuration.

£t 10 Sl |

T =balilAL % G :
w i Qi 'g M 94v0 D00 -
S e T W SPECTRUMDIGITAL.CoM ASSY 507830 REVIN 5/NAkae

Figure 7: TI TMS320F2808 DSP
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3.4 Analog Signals

Current and voltage sensors were needed to communicate with the DSP. Voltage dividers were
used for all of the sensors to ensure that the output voltage was between the allotted range for the DSP,
0V-3V. Dc-dc converters were used to boost the 5V power supplies used for analog signals, to power the
isolating op-amps (Texas Instruments 1SO122). Two current sensors and three voltage sensors were

implemented. The operation and design of these sensors are discussed in the following subsections.

3.4.1 Current Sensors

Hall-Effect current sensors from Allegro Microsystems, Inc were used in the PV and grid sensing
circuitry. The ACS712 current sensor is capable of sensing 30 A current which it converts into a 0-5V
isolated signal [5] . The ACS712 current Sensor is ideal fo
5 us rise time in response to changes in the input. It also has a low resistance allowing for less possible
errors. The isolation is needed as the voltage reference of the array is not the same as that used by the
DSP. This 0-5V signal is fed into a voltage divider to bring the max of 5V to below the max of 3.3V on the
2808 DSP. The PIC Microcontroller has a max input of 3.3V which is ideal to use the same signal for
both devices. Below in Figure 8 is the described sensing network.

Test
Current
IN

Uil B
1 IP+1 Vce 8
2 7 R1 < output to DSP/PIC
1P+2 Viout
Cc2
3 . 6 - Ci1 R2
IP-1 Filter —‘—HT ]’ 01UF ToK
1nF
= 4 1P-2 GND 5

ACS712

Tout ~ Gound
Current

ouT

Figure 8: Current Sensor Network
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3.4.2 Voltage Sensors

This project required two different kinds of voltage sensors. The first type of voltage sensor
required is a dc voltage sensor which was connected both on the output of the PV array and the output of
the dc-dc converter as shown in Figure 9. This type of sensor will be visited in greater detail in the next
paragraph. The second type of voltage sensor is an ac voltage sensor. The ac sensor was connected to
the grid which was used to interface with the H-bridge and the grid sensing algorithm. This voltage sensor

was also used to measure the power output from the entire system for data acquisition purposes.

0C-DL

Converter
e chanical X

Support and |
P Ay !

7 1Phase
/ Inverter (H-

X Bridge)

y ! MPPT
!

/ =

O Vokogs Sensor e {q Ruge Senser

"r:‘b"'"——"n

AT Veolnge Esnaor

GRID

DSk

Figure 9: Voltage Sensor Placement
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3.4.3 Dc Voltage Sensors

The dc voltage sensor is concerned with sensing a dc voltage source that is 90 V or less. This
value was chosen for safety because there is potential for voltage across the capacitor to rise higher, due
to the design of the boost converter. The dc voltage sensor begins with the dc voltage source being fed
into a voltage divider circuit and then into an isolating amplifier. The isolating amplifier used in the dc
voltage sensor is the Texas Instruments 1ISO122. It is used to isolate the control circuitry from the signal.
The initial voltage divider circuit is necessary to scale the maximum of 90V input down to +15V because
the 1S0122 only operates in this range. After the isolating amplifier, the signal is then fed into another
voltage divider. In determining the resistor values to use in the voltage divider, the equation for a voltage

divider was utilized:

s s Ry
= y Z
Wut Gh Ro+ Ry

The Vo Will be no more than 3.3 V, and the V;, will be no more than 90 V. The sensor circuit is

shown below in Figure 10.

1)

Figure 10. dc Voltage Sensor.
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3.4.4 Ac Voltage Sensor

The ac voltage sensor circuit which will be used is shown below in Figure 11. The input to the
circuit is grid voltage at 169.7 V amplitude signal and 60 Hz. This signal is then fed into an isolating
amplifier, specifically the Texas Instruments 1ISO122. This isolating amplifier transfers a signal across a

2pF differential capacitive barrier. This serves to isolate the grid from the rest of our control circuitry.

After the isolation amplifier, the signal is fed through a resistive network in order to begin paring
down the voltage levels that the DSP will be able to read. The signal is then fed into an inverting op-amp
and sent to the DSP. This op-amp serves two purposes. Primarily, it serves to shift the voltage up so that
it will be impossible for the DSP to receive a negative voltage which would damage the DSP. Additionally,
the op-amp performs additional scaling down of the voltage. In the original design, there was an
additional unity-gain inverting op-amp to invert the signal from the grid, so that when it was inverted by
the shifting amplifier, it would then be the correct signal. This was unnecessary because the signal, once

received by the DSP, can be inverted easily.

15Vde=—
R4
1.8k < :
u1
RS ~|
R1 OPA124/BB
AAA AAA 2 d
YYV YYV -
5.1k
6
10k oY
3 +
V35
VOFF =0 .-.Q ~
VAMPL = 14\1599

FREQ =60 < R3
Q 2

15vde ==
V34 ==

+
1.8Vdc =

Figure 11. Ac Voltage Sensor.
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Figure 12 below is the transient response from the circuit in figure 11. The output is a sinusoid
with a peak no more than 2.4V and a minimum no less than 1.2V if the input is a sinusoid with a peak at
169.7 V. The grid is known to vary slightly, but there is still plenty of room between 0 and 1.2V so the
minimum of the grid should not be a concern. However, the signal to the DSP cannot go above 3.0 V
meaning that there is a little more than .6V at the maximum of the sinusoid. While it may seem thin, it
must be noted that the sinusoid, once shifted back down to the x-axis, has an amplitude of .6V. A .6V
margin of error is actually around 100% of the amplitude of the signal. This means that the grid would
have to have a huge voltage spike to send the signal out of the range of the DSP analog to digital

converter which would not be likely. Consequently, the voltage range is a good one to send to our DSP.

os 5ms. 10ms 15ms 20ms 25ms 30ms 3sms 40ms. asms 50ms
o V(R2:2)

Figure 12: Output from ac Voltage Sensor
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3.4.5 Digital Interface and Logic Circuitry

In order to interface the DSP with the gate driving circuits, digital interfacing circuitry must be
implemented. The gate drivers require a +5 V logic level, but the DSP only provides up to +3.3V. To
match up the incompatible logic levels, the 74LVX3245 translating transceiver will be utilized. The
transceiver is powered by a 5V digital power signal and a 3V power signal received from the DSP. One
preventative measure taken in anticipation of two switches on the same leg of the H-bridge being
simultaneously turned on was to implement further logic circuitry. This circuitry shown in Figure 13 will

prevent shorting of the system. This is a necessary precaution to ensure correct operation of the system.

VCcC
(o}

R1
% 3.3k UlA
Enable<<: <

2
7404

w ([N

Signal_1 << 1

u1B
3 4
7404
u2B
) 6 Vout2 :):)Outj
uic 7411
5 6
7404

Figure 13: Digital Control Circuitry
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) 12 Voutl :):)OuLl
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3.6 Power Electronics

A dc-dc boost converter, h-bridge, transformer, and filter make up the power electronics design of
the system. The boost converter charges a capacitor to the selected operational voltage of 57V. The h-
bridge discharges the capacitor by drawing current from it and switches the dc signal to 60Hz. The output
of the H-Bridge is sent to a filter to condition the output signal. This signal is then stepped up through a
transformer from 57V to 169.7V. This value is the 120Vrms that the grid operates at. The method of
designing the boost converter, h-bridge, and filter are outlined in the following sections.

3.6.1 Design of the Boost dc-dc Converter

The purpose of the boost converter in this design is simply to provide current at the MPPT to
charge the dc bus capacitor. This is accomplished through a PWM output from the DSP and is controlled
by the MPPT algorithm [1].

Open loop simulation setup and results are illustrated in figures 14 and 15. The closed-loop
simulations and control scheme are discussed in the Software Overview. Based on these simulations, it
can be seen that the converter stabilizes around 300ms and outputs steady voltage and current levels.

This is critical in providing a usable dc Bus.

Table 1. Design Parameters

Parameter Initial Final
Capacitance | 620uF 5600uF
Inductance 1.2mH 1.2mH
Switching 20kHz 20kHz
Frequency
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Figure 14: Open-loop Boost Converter
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Figure 15: Open-loop Boost Converter Output Current and voltage
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3.6.2 Design of the H-Bridge Circuit

The H-bridge is composed of 4 switches as shown in Figure 16 below. The objective of an H-
bridge is to take a dc signal and produce a sinusoid out of it. Specifically, in this application, the system
will be capable of taking a 57V dc signal from the dc-dc converter and producing a PWM signal that can
be filtered to ultimately generate a sinusoidal signal that is in synch with the grid. It is important that the

signal be in phase with the grid so that there is no complex power.

This is achieved in simulation using PSPICE software. The schematic was built using different
components in the software program as shown below. ABM blocks were used to perform comparisons in

order to switch our four switches as seen below in Figure 16. The switching scheme used was unipolar as

discussed in [6].

Next, the circuit from Figure 16 was simulated, and the output was recorded in Figure 17 below.

— T T

Figure 16: H-Bridge Circuit
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Figure 17: H-Bridge Simulation Output With Filter

Finally, the dc-dc converter was added to the schematic as shown in Figure 18 below.
Simulations are shown in Figures 19 and 20. Figure 19 illustrates the current output of the filter, and
Figure 20 shows both the current output of the filter and the voltage across the capacitor of the dc-dc

converter. The frequency of the signal in Figure 20 is very accurate:

166865y 0930

Figure 18: Full System Schematic
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