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TERMS OF REFERENCE

This project was proposed by Mr M. Malengret at the
University of Cape Town. The project involves the
development and evaluation of an induction motor driven
solar water pumping system. Mr Malengret’s specific
instructions were: ’

1) To develop the system for application to borehole
pumping with a positive displacement pump.

2) To optimize the performance of the system in order to
maximize the water delivery. This involves:

- Developing an efficient and robust variable speed
drive for the induction motor.

- Optimizing the performance of the induction motor at
all speeds of operation.

- Controlling the sYstem in such a way that the solar
panels are utilized to their full potential despite
_variations in the irradiance level.
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SYNOPSIS

This thesis describes the design and evaluation of an
induction motor driven water pumping system which is
powered by solar panels. The system consists of a
positive displacement pump, solar panels and an
induction motor with a microprocessor controlled
inverter. The reason that an induction motor has been
chosen for the project is that these motors are cheaper
and more robust than the more conventional DC motors. It
is expected that by using an induction motor, the system
performance will improve significantly for the same
investment.

The motor has a power rating of 0.75kW and it has been
specially designed for a solar application. The system
has been designed to operate from between five and seven
solar panels, which yields a system capacity of 350W.
The capacity could be extended to operate up to the full
rating of the motor. '

A variable frequency drive has been designed to control
the motor speed. The drive consists of a power MOSFET
inverter bridge which is controlled by an 8031
microcontroller. Software has been written for the
controller to generate the required pulse-width
modulated signals to the inverter. Also included in the
system design is an array tracker which optimizes the
power output of the solar panels.

The efficiency of the motor has been optimized for the
torque requirements of the pump. This has been achieved
by implementing an optimized voltage frequency curve and
by providing for operation above the rated frequency of
the motor. The motor has been operated in the frequency
range- of 5 - 80Hz.
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The inverter efficiency was high at 87% and this is
expected to increase at higher power ratings. The
combined motor and inverter efficiency was found to be
67% over a frequency range of 45 - 80Hz. This is only
marginally less than the efficiency found in DC systems
where a DC-DC converter is required to drive the motor.

The control method for the system incorporated a method
of maximizing the water delivery. This was achieved by
optimizing the motor speed while monitoring the panel
voltage. The voltage was monitored because of the high
inertia of the pump, which made pure speed control
difficult to implement.

A field test was conducted to compare the developed AC
system with a Mono DC system. The gearing of the DC
system was not optimal and hence a higher flow rate was
achieved with the AC system. However, the efficiency of
the DC motor and converter combination proved to be
slightly higher than that of the AC system. This
comparison neglected the effect of poor maximum power
point tracking of the DC systen.

In conclusion, the implementation of an AC induction
motor system offers significant advantages over a DC
system in terms of cost and reliability, while similar
efficiencies are expected from the two systems. The cost
reduction with a seven panel system will more than cover
the cost of another panel, which represents a 15%
increase in the system input power. The speed control of
the system ensures that the water delivery is maximized
at all operating irradiance levels and hence the panel
output is fully utilized. The system performance is
further enhanced with the use of an array tracker, which
will improve the panel output by approximately 20%.
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SHERTER:

The aim of this thesis was the design and evaluation
‘of a solar powered, water pumping system driven by an
induction motor. Solar powered water pumping is fast
becoming an accepted means of obtaining water in remote
areas where national grid connection is not viable. The
low maintenance requirements and the cost reduction of
solar panels over the past few years have made  such
systems highly competitive against diesel and windmill
energy generation.

Many commercial systems are being made available and
these comprise various types of pumps and motors. The
most popular system is the positive displacement pump by
Mono Pumps, which uses a DC motor. The disadvantage of
using a DC motor is the high éost, and periodic
maintenance requirement of replacing brushes. AC systems
offer the advantage of being both inexpensive and more
robust than their DC counterparts, but the drawback of
these systems‘has been their low efficiency.

Following a BSc thesis by the author, it was established
that an induction motor could provide a viable means of
obtaining an inexpensive and efficient pumping system.
The reason for this is that the low efficiency of small
induction motors is not caused by physical constraints
on the motor, but rather by manufacturers believing
their is only a 1limited market for highly efficient
small motors. 4

The Energy Research Institute at UCT have also been
investigating the viability of using an induction motor
for a solar pumping application. A motor manufacturing
firm was requested to design and produce an efficient
small induction motor and such a motor has been
produced. The motor has an efficiency similar to a DC
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motor and it is this motor which has been used for the
project.

The objectives of this thesis are to develop a three-
phase system which maximizes the water delivery of the
pump. Particular attention has been given to the control
and performance optimization of the motor and inverter.
The system is controlled by a microcontroller which both
adjusts the speed of the pump to optimize the water
delivery. Since the main aim is to maximize the water
delivery, an array tracker has been included in the
system design to improve the panel delivery.

This report starts off by presenting the research
progress that has been made in the field of solar water
pumping which is relevant to the project. This is
followed by the design of the controller, inverter and
array tracker. - Following this the microcontroller
software structure and method of generating the PWM is
described. Optimization of the motor and inverter are
then discussed and the method of .controlling the speed
of the pump is presented. To give an indication of the
system performance, a field test was conducted and these
results are presented. Finally, conclusions are drawn
and recommendations are made concerning the further
development and commercialization of such a system.
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This review discusses recent literature relevant to
solar water pumping. Efficiencies and future trends of
solar panels are discussed and the characteristics of
the panels are analyzed. Various types of available
pumping systems are discussed and compared to the
potential of developing an induction motor driven
positive displacement system.

2.1. PHOTOVOLTAIC PANELS

Photovoltaic power is the quintessential energy
soufce, creating electricity with no pollution, no noise
and often no moving parts. Photovoltaic systems are well
suited to remote or arid regions and . they can also
operate " on any scalel. This section 1looks at the
developmént and expected trends of solar panels.

2.1.1. History of Converting Light to Electricity

The phenomenon of converting 1light to electricity
was first observed in 1839 by Edmund Becquerel. He
noticed that a voltage appeared when one of two
electrodes in a conducting solution was illuminated. In
the 1920s quantum mechanics 1laid the theoretical
foundation for our understanding of the physics of PV
phenomena. This was followed in the 1950s with the
development of the Czochralski method of producing high
quality crystalline silicon. In 1954 Bell Telephone
‘laboratories developed a silicon cell with an efficiency
of 4%. This was soon bettered to 6% and then 11%
efficiency.

The development of the solar cell was greatly encouraged
by the realization that PV could be an effective source
for powering space missions. Another factor that
contributed greatly to solar-cell technology was the
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transistor industry. Transistors and PV cells are made
from similar materials and their workings are determined
by many of the same mechanisms. Today, photovoltaic
systems are capable of transforming one kilowatt of
‘solar energy falling on one square meter into about one
hundred watts of electricity?.

2.1.2. Future Developments in Photovoltaic Technology

Research and development is an ongoing process in
the PV panel industry and the main areas of
technological development are briefly listed below:

- Polycrystalline silicon cells have a lower efficiency,
but the cost saving in manufacture could make these a
viable alternative.

- Amorphous silicon appears to have an efficiency
limitation of 12-14%, but it shows promise because of
its ability to absorb light well.

- Thin film multi-junction cells, whereby a thin film is
deposited on a substrate, could also provide a means of
lowering the cost of solar cells?

The disadvantage of monocrystalline silicon is its high
manufacturing costs compared to the polycrystalline and
amorphous silicon cell. Kamper4 suggests that the
amorphous cell will be used more in the future, while
Sinclair® argues that thin film multi-junction cells are
more hopeful.

The improvement of efficiency and reduction in cost of
solar panels is a much sought after goal and many
developments are taking place to achieve this. An
example of such a development is the unveiling of the
first solar photovoltaic technology using silicon ribbon
by Ferrofluidics and the Blue Ridge group in March
1992. This technology uses crystal growing in a process
that enables growth of solar cells from a continuous
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ribbon of silicon. Such ribbons have proven to be more
efficient , lighter in weight, more flexible and less
costly than traditional energy conversion technologies
such as silicon wafers®.

Another new development in the photovoltaic industry
comes from the Southern California Edison Company. This
company has developed a solar cell that uses
inexpensive, low-impurity silicon - considered unusable
until now - to convert sunlight into electricity. This
method is expected to surpass contemporary photovoltaic
processes by combining common, abundant materials with
low-cost manufacturing equipment. Edison quotes
commercially available solar cells at $5/watt, while it
predicts that this cost can be reduced to under
$1/watt7. More information on this technology has been
included in Appendix 2. '

Although it is not yet clear which type will offer the
best combination of efficiency and cost, the trend of
photovoltaic technology clearly indicates a reduction in
the overall cost of solar systems.

2.1.3. Economics of Photovoltaic Power

For most commercial solar applications, the
monocrystalline silicon PV cell is used. This type of
cell has an efficiency of around 15%. The PV modules
mostly in demand in terms of peak power are between 45
and 55 Wp and these cost about R22/Wp (July 1990)8.

The fact that solar energy is free does not mean that it
will have a low utilization cost. The capital costs of
solar systems are still too high to compete with
electrical grid connections. Regions of developing
countries where rural electrification is embryonic are
important early markets for PV systems. Extending power
lines from centralized sources to rural areas is often
not yet economical, and so decentralized power sources
such as PV are a promising alternative. On a lifetime
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cost basis, PV 1is now cost effective compared with
diesel generators at capacities below 20 KWZ.

Ultimately the potential of photovoltaics is determined
by the cost of electricity production compared to
competing electricity generating technologies. As the
cost of photovoltaics falls, solar applications closer
to the national grid will become competitive. The graph
below shows clearly how the cost of PV power has fallen
over the last decade and this trend is expected to

continue in the foreseeable futurel?.
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Figure 1: PV Module Cost Versus Time [Hamakawa cited
by Sinclair]

Two studies have been made by Wiseman and Halcroft to
compare the cost between PV and diesel water pumping.
Gosnellll has combined these two studies and adapted
them for application in South Africa. The bar chart
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below shows .that in most cases, PV power offers a
cheaper alternative to diesel power.
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Figure 2: Unit Costs of Pumped Water in South Africa

2.1.4. Operation and Characteristics of Solar Panels

In order to optimize the system efficiency of any
solar application it is necessary to have some knowledge
of the operating characteristics of solar panels.

2.1.4.1. Operation of Solar Panels

The single crystal photovoltaic cell is made of two
layers of silicon each doped with an impurity. The layer
on which the sun shines is doped with phosphorus, which
creates an n-type semi-conductor. The other layer is
doped with boron and is a p-type semi-conductor.
Together the two layers form a p-n junction similar to
those used in transistors.

Because the phosphorus atom has five valence electrons
as opposed to the four of silicon, the n-layer has free
electrons which are not bonded. Similarly, in the p-
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layer there are spaces for extra electrons which the
boron atoms have created as they have only three valence
electrons.

When the two layers are bonded a depletion region forms
at the interface and a potential difference is built up
across the junction. This is caused by the free
electrons from the n-layer flowing into the p-layer and
filling the electron holes. At any time some valence
electrons may have enough energy to overcome their bonds
to the nuclei and are thus mobile. The electric field
sweeps these mobile electrons across the junction and an
equilibrium is established. In sunlight the photons of
light liberate a large number of electrons from their
bonds. Most of these are swept out of the depletion zone
before they recombine with the nuclei and they form the
‘current of the PV cell. The following figure shows a

schematic of the operation of a PV cell..
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Figure 3: Schematic of a Photo-Voltaic celll?
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2.1.4.2. Characteristics of Solar Panels

A photovoltaic cell behaves similarly to a diode with a
photo-voltage. The photo-voltage arises from the
dissociation of electron-hole pairs which are created by
incident photons within the built-in field of the diode
junction. ' '

According to Lasnier, the operating equation of I = f(V)
characteristics of a solar cell can be derived as:

g{V+%Sl_)_ V+RgI
I =11 - I e - 1] - Rgnh

'vwhere I, = Photocurrent (A/mz) .
I, = Saturation current (A/mz)

n = Ideality factor

g = Electronic charge (C)

K = Boltzman’s constant (J/K)

T = Junction temperature (K)

Rg = Series resistance

Rge = Shunt resistancel3

As can be seen from the figure below, the characteristic
curve varies substantially with different temperature
and insolation levels.
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In order for any solar system to operate efficiently, it
is necessary for the panels to operate at the maximum
power point. This can be achieved either by keeping the
voltage constant or by tracking the maximum power point
directly. Voltage tracking offers the advantage of

simplicity, but it is not as efficient as maximum power
point tracking.

As far as the author knows, all the available commercial
water pumping systems either use voltage tracking or
direct coupling (in the case of some centrifugal pumps).
However, maximum power point tracking is widely
documented in the application of battery chargers. Both
Enslin and Van den Heeverl® and Lasnierl® estimate that
a 25% improvement to the panel efficiency can be
achieved by maximum power point tracking in the use of
battery chargers. These estimates take into account the
variation in the battery voltage due to ageing,
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temperature and charge level of the battery. These are
factors which are not present in a water pumping
application.

According to Lasnier, variations of the panel voltage
are due to solar radiation (10%), temperature (10%) and
ageing. Another factor which affects the panels is the
scattering effect of the electrical characteristics of
solar cells. This is due to the imperfect repeatability
of the technical processes of solar cell fabricationl’.

It is therefore evident that for solar water pumping
systemns, as for battery charging applications,
significant improvements to the panel efficiency can be
achieved by implementing maximum power point tracking as
opposed to constant voltage control.

2.2. APPLICATION OF PHOTOVOLTAIC POWER TO WATER PUMPING

Water pumping is a relatively new application of
photo-voltaic power in South Africa. In July 1991 a
thesis was submitted by R.J.Gosnell to the Energy
‘Research Institute (UCT) which could be considered to be
the first thorough evaluation of a photovoltaic water
pumping system in South Africa. Gosnell’s study
evaluated the technical, social and economic aspects of
a solar water pumping system. The system that was
evaluated consisted of a positive displacement pump
driven by a permanent magnet DC motor.

A feasibility study for a PV pumping system has been
submitted to the National Energy Council by M.J.Kamper
from the University of Stellenbosch. This study examines
the available photovoltaic water pumping systems in
South Africa and discusses the feasibility of developing
a submersible system using either a brushless DC motor
or a reluctance motor. From Kamper’s report, the market
share of PV powered deep well pumps is held



Chapter 2: Solar Literature Review ' : Page 12

predominantly by two types of pumps in South. Africa.
These are the Mono PV pump and the Solar Jack pump.

2.2.1. The Mono System

The Mono system consists of a positive displacement
pump with a permanent magnet DC motor driven via a DC-DC
converter. The motor tested by Gosnell showed a constant
efficiency of 76%, which is in agreement with Halcrow’s
estimated efficiencies for DC permanent magnet motors of
between 76% and 82%. The pump used by Gosnell yielded an
efficiency of around 40%, which is a typical value to be
expected from the characteristic curves supplied by Mono
Pumps (Appendix 1.2). The graphs in figure 5 show the
performance curves for Gosnell’s system.
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Power Maximizer
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Figure 5: Perforygnce'Curves for Mono Water Pumping
- System

2.2.2..The S8olar Jack System

$he Solar Jack system comprises a submersible pump
with a DC-DC converter situated above ground. A
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diaphragm pump is used which is driven by a permanent
magnet brushed DC motor.

This pump is the smallest commercial PV pumping system
available and it has been designed to operate
efficiently at low flow rates and low heads. Only two PV
modules (47 - 60 Wp) are required. Such a system has
been tested by the ERI at UCT and the efficiency of the
system is shown in the following figure.
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Figure 6: Efficiencies of Solar Jack System19

2.2.3. Other systems in Southern Afrigg

Siemens and AEG provide submersible systems which
are driven by an induction motor with constant voltage
control. The motor is manufactured by Franklin and has
been specially designed for a submersible pumping
application. The efficiency of this motor is between 68%
and 72%. The Siemens systems have a capacity gfeater
than 1 kWp, but it would appear that none of these
systems have yet been installed in South AfricaZ29.
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The system of AEG operates in the power range of 1 to
3.8 KW at a head of between 10 and 80m. This system
has an inverter efficiency of 95% at rated output21.
The pump is a centrifugal pump manufactured by
Grundfos and the characteristic curves are shown in
Appendix 1.2.

Because solar water pumping is a developing field,
new systems are fast appearing on the market. Some of
these systems use a submersible pump driven by an AC
motor. The Tescon system of National Lunar consists
of a motor with a battery to provide sufficient
starting torque. The motor runs until the battery
dischages to a certain level and then the inverter is
switched off and the battery is recharged. The
continual cycling of the battery is not an optimal
solution and these systems are not considered to be
highly reliable.

2.3. MOST EFFECTIVE MOTOR AND PUMP COMBINATION

The main requirements of a solar pumping system
are reliability, efficiency and cost. Reliability is
an important factor because the system must be
designed for rural areas which have little technical
support and may not be easily accessible. Cost and
efficiency are closely linked and because of the high
cost of the solar panels, the motor/pump combination
should be as efficient as possible to minimize the
overall system cost.

2.3.1. Most Suitable Pumps for Solar Application

Pumps can be broadly classified into centrifugal
and positive displacement types and these are
described in detail by Fraenkel?2. The centrifugal
pumps are used by the larger systems of AEG and
Siemens, while Mono Pumps and Solar Jack use positive
displacement pumps.Centrifugal pumps have the
disadvantage that they need to be run at constant
speed in order to operate efficiently. Since solar
powered systems have a variable input power, this
type of pump is not optimal. As can be
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seen from the Grundfos characteristic curves, no data_is
supplied for insolation levels below 4 kWh/day and this
suggests that the performance of the pump is low in this
region. Gosnell did comparative tests on centrifugal
pumps and the graph below shows the efficiencies of the
positive displacement and centrifugal pumps. )
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Figure 7: Comparison Between a Mono ang a
Centrifugal Pump at 20m Head 3

Positive displacement pumps have the advantage that they
are capable of operating efficiently over a wide speed
range and this makes them highly suited to a solar
application. This type of pump can be divided into the
Helical screw type of Mono Pumps and the diaphragm type
of the Solar Jack pump.

Because of the wear and tear on the diaphragm of the
Solar Jack pump, this pump is not considered to be as
reliable as the Helical screw pump. The disadvantages of
‘the Mono pump is that it operates with a drive shaft and
it requires a high starting torque. The problem of high
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starting torque can be overcome by storing energy in
a capacitor24.

The efficiency of the Mono pump is between 45% to 55%
for heads of 25 and 35m, and 26% to 53% for a 55m
head[Pulfrey cited by Gosnell]. From Appendix 1.2,
the efficiency of the Solar Jack varies from 27% at a
head of 30m to 30% at a head of 60m (this is the
efficiency of the motor/pump combination). The
efficiency of the Mono motor and controller is around
66% [Mono Pumps, SA] and if this value is used, the
Mono system efficiency is between 18% and 37%. It is
therefore difficult to draw conclusions as to the
most efficient system, but from a reliability point
of view, the Mono positive displacement pump has
significant advantages over the diaphragm pump.

2.3.2. Most Suitable Motor for Solar Application

Apart from the large systems of Siemens and AEG,
the permanent magnet DC motor is the predominant
motor used for solar water pumping. This type of
motor has the advantage of being both efficient (76%
~ 82%) and simple to control.

The disadvantage of using a DC motor is that it has a
high cost and it is not maintenance-free, as the
brushes need periodic replacing. It is these factors
that has led Kamper to investigate the feasibility of
developing a permanent magnet brushless machine or,
alternatively, a reluctance machine.

The reason that induction motors have not been
considered for small and medium systems is that
manufacturers have not optimized the efficiency of
these motors. It 1is these motors that form the
workhorse of industry and they are usually connected
to the ESCOM grid where power is cheap and the
capital cost of the machine rather than its
efficiency has been optimized. Small induction motors
are being produced with efficiencies of between 60%
and 72% for sizes ranging from 0.25 to 1 kW.
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Apart from the low efficiency of the induction motor,
because of its reliability and low cost, this would
be an ideal motor to use for solar water pumping. It
was with this in mind that GEC has developed an
induction motor designed specifically for a solar
water application. The motor is rated at 0.75 kW and
has an efficiency of 80%. This compares very
favorably with the DC motor. In addition, DC motors
cost around R2400, while the GEC motor costs only
R675 (this price is 1likely to be reduced if more
motors are required). This represents a significant
cost saving with the system having the potential of
obtaining a similar efficiency to that of a DC
systen.

It would appear that the diameter constraint of
submersible induction motors does not have a
significant adverse effect on the motor efficiency,
as the Franklin induction motors have a similar
efficiency to normal application motors. The Franklin
motor is around 72% efficient.

The induction motor system requires an inverter to
run off the solar panels, and the cost of this should
be similar to that of a DC-DC converter as required
by a DC system. The high efficiency of inverters, as
reported by AEG indicates that an inverter has
comparable performance capabilites to that of a DC -
DC converter. It would therefore appear that despite
the increased losses due to the power factor of the
AC drive, the induction motor offers significant
advantages over the DC motor in terms of cost and
reliabiiity, while similar efficiencies are expected.



The main components of the pumping system as used by
this project are the solar panels, positive displacement
pump, induction motor, three-phase inverter and
microcontroller. The system is illustrated below and
each of the components is discussed further.
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Figure 8: Induction Motor Driven Solar Pumping
System
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3.1. SOLAR PANELS USED FOR PROJECT

For experimental purposes, seven 53 Wp panels were
obtained. The manufacturer characteristic curves of
these panels are shown in the figure below and
information on these panels is included in Appendix 1.3.

M55 IV CURVES
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1000 w/M3
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VOLTS

Figuré 9: Panel Characteristics Supplied by Siemens

In order to maximize the power delivery, the panels were
mounted on a single axis array tracker. This is a stand
alone unit and has not been incorporated in the rest of
the system electronics.

3.2. PUMP OPERATION AND CHARACTERISTICS

The positive displacement pump used for this project
can be used with a wide range of heads and power
requirements. The pumps have been designed especially
for solar application, where the power rating is lower
than that for normal windmill pumps. In order to achieve
a lower operating and starting torque, the seal on the
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solar pumps is less tight and this causes a reduction in
the efficiency of the pump. The pump characteristic
curves in Appendix 1.2 also include curves for a
windmill pump, and it can be seen that because of the
very high starting torque and operating power
requirements these pumps are not suitable for a solar
application.

The pumps operate with the use of a helical screw in a
rubber seal and is shown below.

Figure 10: Mono Positive Displacement Rotor and
Stator

For the purposes of this project a pump model SW4L was
obtained and mounted in a closed circuit configuration
so thét the water was continually recycled. The head was
simulated with a valve and measured with a pressure
gauge. This does not exactly simulate a pumping system
as the head is dependant on the pressure which in turn
varies with the pump speed. Therefore, in order to
simulate a particular head at different speeds, the
valve needed continual adjustment.
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3.3. INDUCTION MOTOR DESCRIPTION

The motor is a 4-pole machine rated at 0.75 KW and
has been designed to operate at 110v at a frequency of
50Hz. The efficiency of the motor is 80% at full load.
In order to predict the performance of the motor, it was
mounted on bearings so that the torque could be
measured. The motor was characterized at different
voltages and supply frequencies and these curves are
shown in Appendix 4.1.

From the characterization curves, it can be seen that at
lower supply voltages the peak of the efficiency curve
drops slightly. This 1is predominantly due to the
increase in the proportion of power that is lost due to
windage losses. For this reason a system which uses this
motor would not be suitable for very low power
applications. |

3.4. INVERTER AND éONTROLLER DESCRIPTION

The inverter is a fully controlled bridge which
converts the panel DC voltage to three-phase AC by means
of pulse width modulation. Low impedance MOSFETs were
used to minimize the inverter losses.

The microcontroller both monitors the speed of the pump
to operate the panels close to the peak power point and
supplies the PWM signals to switch the inverter MOSFETs.
The microcontroller that was chosen for the project is
the 8031 from Intel. The device has sufficient speed to
generate high resolution PWM signals and it can easily
interface with other devices. A brief description of the
8031 is included in Appendix 6.
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4.1. INVERTER DESIGN

Low impedance power MOSFETs were used in the
inverter design. MOSFETs can offer significant
advantages over bipolar transistor designs because of
their reduced drive power requirements and improved safe
operating area?®. Another advantage of using MOSFETs is
their ease of paralleling for a higher output power.
Thus the system can be easily modified to operate on a

larger system.

4.1.1. Base Drive Circuit

The main requirements of the base drive circuit are
to provide an isolated signal to the gate and to switch
the capacitive load of the gate at an acceptable speed.
A circuit diagram of the base drive 1is shown in
Appendix 5.1.

4.1.1.1. Switching of the Gate

The rate of change of Vpg and Ip depend on the gate
current, which determines how fast the device
capacitances are charged and discharged. The MOSFET
switching times <can therefore be controlled by
controlling the gate current supplied by the drive
circuit. It is therefore advantageous for the base drive
to have a high current pulse capability.

A totem pole configuration provides a faster turn-off
time than an open collector and can be realized either
by using discrete transistors or an IC. Use of an IC
offers the advantage that the device is modular and the
components can therefore be arranged closer to minimize
stray inductance. Switching of the gate was achieved
with the use of the DS0026 IC which is a high speed
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totem-pole driver capable of supplying high current
pulses.

4.1.1.2 Floating Power Supply

The load of the upper MOSFETs in the bridge
configuration is connected to the source of these
devices. For these MOSFETs to be driven into saturation
it 1is necessary for the gate drive circuit to be
referenced to the source and not the ground. This can be
achieved by means of optically coupled isolators, pulse
transformers or a DC to DC chopper with transformer
isolation.

Pulse transformers can only transfer to the secondary
the AC component of the input signal. Consequently,
their output swings from negative to positive by an
amount that changes with the duty cycle. Chopper
circuits are expensive, complex and have a limited
bandwidth. These two methods are therefore not suitable
for a variable frequency drive system.

Since only a small amount of power is required for the
base drive, it 1is possible to develop a supply to the
gate from the drain voltage26. ' :

When the lower MOSFET is switched on, the source
voltage of the upper MOSFET is close to zero and Cg
charges and is used to supply the upper base drive. This
circuit will only operate effectively at low frequencies
or high duty cycles and this makes it ideal for

application in PWM systems.

The PWM signal from the microcontroller is referenced to
the source via an optocoupler. This also serves to
protect the microcontroller from possible voltage surges
caused by the power switching. It is for this reason
that optocouplers were used on all six PWM signals.
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4.1.2. Switching Aid Network

Switching aid circuits are used to protect the
Mosfets by improving their switching trajectory. Three
types of circuits exist, namely turn-off, turn-on and
overvoltage snubbers.

Turn-on snubbers are used only to reduce the power
dissipated by the switching device during turn-on. These
snubbers have been designed for use in transistor
circuits and they operate by reducing the voltage across
the switch as the voltage builds up. Generally Mosfets
do not require turn-on snubbers because of their large
peak current handling capability27.

Turn-off snubbers provide a means for reducing the
losses during turn-off and an RCD snubber was used.
Calculations for determining the component'values.of the
snubber have been included in Appendix 5.1.

The main objective of the turn-off snubber is to reduce
the rate of rise of the applied voltage. Its effect as a
surge voltage limiter is small?8, The presence of wiring
inductance results in the generation of surge voltages
which can be reduced by a protection network which
behaves similarly to a zener diode. It was not necessary
to implement such a snubber as the IRFP250 MOSFET has a
built in zener diode to clamp such overvoltages. 1In
order to limit voltage surges, the component layout was
arranged in such a way as to provide for the shortest
routes possible to minimize stray inductance.

4.2. MiCROCONTROLLER DESIGN

The 8031 microcontroller from Intel proved to be
well suited for the application of both generating the
PWM signals and controlling the speed of the motor. The
hardware structure of the device provides for easy
external interfacing and it has sufficient speed to
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provide both an acceptable PWM resolution and a fast
response for the control function.

The dual functions of controlling the motor and
generating the PWM were simplified because the device
has two on-board timers and no external timing
interrupts were required. One timer was used to output
the PWM at the required frequency, while the other
determined the sampling period for the controller.

A circuit using the 8031 with ROM, RAM and an ADC was
designed and implemented. The complete circuit diagram
and the PC board layout is shown in Appendix 5.2.

4.2.1. Allocation of Memory Space

The 8031 interfaces with program memory (ROM) and
data memory (RAM) differently. To access Program Memory
the PSEN line is used, while to access Data Memory the
RD and WR lines are used. Program Memory consists of
both program instructions and tables of constants. Data
Memory comprises RAM and the multiplexed ADC. The
allocation of memory space is shown below.

FFFFH FFFFH
PROGRAHN DATA HEHORY
HENORY
1000H
ADC SELECTED
2000H '
RON SPACE 0800H -
RAtl SPACE

0000H 0000H

Figure 11: Allocation of Memory Space
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4.2.2. Interfacing with ROM

The circuit was designed to interface with 8 kilo-
bytes of ROM and is shown below. '

87 KoK I
LOW ORDER . DAT
ADDRESS T 2764
BUS | BUS

P2.4 a12 /0€

P23 a1s ]—— /PSEN

P.2 410 JCE

P31 a3

PZ. 0 a8

Figure 12: Interfacing with ROM

4.2.3, Interfacing with RAM

Although the 8031 has 128 bytes of RAM as part of
its architecture, this was not sufficient and
2 kilobytes of external RAM were added to this.

A7  RaNH e
. 6

BUS BUS
7o P

pPa.2 —440
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/HR  /HE
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Figﬁre 13: Interfacing with RAM
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4.2.4. Interfacing With the ADC

The ADC is used to monitor any external variables
that are required for the control process. For this
purpose, the ADC0809 converter made by National
Semiconductors was ideal as it is an 8-bit converter
which multiplexes 8 channels. The maximum clock
frequency of the ADC 1is 1280 kHz and this is obtained
from the output clock of the 8031. The ADC was clocked
at 625 kHz by dividing the output clock frequency of the
8031 with the use of D-type flip-flops.

The device receives the address of the signal to be
multiplexed on the system data bus and interfacing with
the device is shown below.
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Figure 14: Interfacing with the ADC
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The 8031 reads data from and writes data to the ADC as
if it were accessing RAM. To read in a value from a
particular channel, the following procedure is followed:

- The 8031 places the address of the required channel on
the data bus and writes it to the ADC.

- Combinational logic is provided such that when bit 3
of Port 2 goes high (ie the ADC is addressed) and the
/WR line of the 8031 goes low, the address to the ADC
is latched and the conversion is started.

- Once the conversion has been started, the 8031 waits
until the EOC line of the ADC goes high.

- After the EOC line has gone high, data can be read in
from the ADC. To achieve this, the ADC is addressed
(bit 3 of Port 2 goes high) in a read instruction.
Combinational logic is provided such that when the /RD
line goes 1low and bit 3 of Port 2 goes high, the
output of the ADC is enabled. The converted signal is
then read in via the data bus to the 8031.

4.2.5. Watchdog Circuit

In order to ensure that the microcontroller resets
properly, a watchdog circuit was designed which resets
the 8031 when a pulse at its input is discontinued. Such
a pulse could be received either from the output of one
of the PWM signals from the 8031 or from a pulse in the
speed measuring circuit. Receiving the pulse from the
speed measuring circuit is a more robust form of control

and works on the principle that if the motor stalls the
controller is reset.

The watchdog was implemented using a 555 timer IC and
the circuit diagram is shown with the controller circuit
in Appendix 5.2.
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4.3. SPEED MONITORING CIRCUIT

The speed was monitored by an optical sensor mounted
on the motor and the circuit diagram - is shown in
Appendix 5.2. The pulses received from the sensor were
converted to an analogue signal by means of an LM331
configured as a frequency to voltage converter. The
signal was then filtered and used as an input to the
ADC. The circuit has been designed to monitor the speed
in the range from 150 to 2500 Rpm.

" The op-amp used to filter the signal from the LM331 is
the CA7140, which is capable of delivering an output
signal very close to ground and this eliminates the need
for a negative rail.

4.4. DC-DC CONVERTER DESIGN

The combined current requirement of the
microcontroller and inverter amounts to 200mA. This
supply can be obtained either by tapping off from two
panels or by using the full panel voltage. Tapping off
from two panels is not a desirable solution as this has
a similar effect as selective shading of the array. This
method will adversely affect the performance of all the
panels as = they are connected in series. Another
disadvantage of tapping off two panels is that the
voltage of these two will collapse before the others in
the event of a disturbance to the panels and this could
cause problems with the controller power supply.

It is therefore necessary to use the full array voltage
in providing the power supply for the control circuitry.
A current of 200mA from an 85v supply represents a loss
of 17W where only 3W are being used effectively. Clearly
therefore, it would be advantageous if a DC-DC converter
were to be used in supplying this power.

Low power DC-DC converters are commercially available
and have an efficiency of around 50%. The specifications
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for converters available from a 1local supplier are
included in Appendix 1.1. After some investigation it
was found that commercially available converters do not
have an input voltage rating capable of running off a
multi-panel solar array. For this reason it was
necessary to design a DC-DC converter capable of rﬁnning

off a 150v supply to cater for worst case open-circuit
conditions. ' ’

The TL494 switchmode PWM control circuit by Motorola was
used in implementing a DC-DC converter. The TL494 is a
fixed frequency control circuit which has been designed
for switchmode power supply control. The device operates
at a maximum supply .voltage of 40v and therefore a
'separate supply was necessary for the IC. A supply
current of 10mA was required and this was obtained via a
Dariington and zener diode configuration. The circuit
diagram for the converter is shown in Appendix 5.3.

The efficiency of the converter was found to be 55% and
this compares favourably with commercially available
converters. The efficiency is low because the power to
the TL494 is obtained from the high array voltage. By
using the DC-DC converter, a power reduction of 11.5W
was achieved and hence only 5.45W were 1lost to the
control circuitry.

4.5. ARRAY TRACKING DESIGN

A single axis array tracker was designed to maximize
the panel delivery. It is estimated that the tracker
will cost around R400 and an estimated 20% to the panel
output could be achieved?®. since panels cost around
R1000 each, the use of an array tracker would improve
the panel delivery without increasing the cost of the
system proportional to the saving.

With the help of J.Roeber, University of Cape Town, a
tracking system was realized by using two photocells on
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either side of a pointer which was mounted
perpendicularly to the panels. The system works on the
principle that when either of the photocells is
obstructed from the sun, a high torque DC motor is used
to turn the array until the intensity level of the two
cells is the same. Logic is provided to reset the panels
at the end of each day and to charge the battery from
which the motor obtains its power. The circuit diagram
of the array tracker is shown in Appendix 5.4.
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It is widely recognized that PWM inverters offer a
number of advantages over other converter techniques.
These advantages are usually gained at the expense of
more complex control configurations, but with the use of
a microprocessor the task is made simpler. |

This chapter discusses the different types of PWM
strategies employed and the software implementation of
the PWM is then described.

5.1. CHOICE OF PWM STRATEGY

Present-day available schemes <can be broadly
classified as carrier-modulated sine PWM and pre-
calculated programmed PWM schemes. These two methods are
briefly discussed and the most suitable method is then
chosen to be implemented by the software. |

5.1.1. Carrier Modulated Sine PWM

Carrier modulated sine PWM can be divided into.
natural and reqular sampling. Natural sampling has been
most widely used because of its ease of implementation
using analogue techniques. This mode of sampling is
obtained by comparing a triangular carrier wave signal
directly with a sinusoidal modulating wave to determine
the switching instants, and therefore the resulting
pulse widths. This method is illustrated in figure 15.
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Figure 15: Implementation of Natural Sampled PWM

Regular sampled PWM has been designed for implementation
for digital or microprocessor techniques. In this mode
of control, the amplitude of the modulating signal is
stored by a sample-and-hold circuit and is maintained at
a constant level during the intersample period until the
next sample is taken. This method is illustrated in
figure 16.
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Figure 16: Implementation of Regular Sampled-PWM31
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5.1.2. Programmed PWM Techniques

Programmed PWM techniques optimize a particular
objective function such as to obtain minimum losses and
reduced torque pulsations by selective minimization of
harmonics. These methods are considered to be the most
effective means of obtaining high performance results.
Programmed PWM’s exhibit several distinct advantages in
comparison to the conventional carrier-modulated sine
PWM schemes and these are listed below:

1) With programmed techniques, a reduction of about 50%
in switching frequency is achieved and this represents
~ a reduction in the switching losses of the inverter.

2) Higher voltage gain due to overmodulation is possible
with programmed techniques.

3) Because of the 1low current ripple obtained with
programmed techniques, a smaller DC link filter can be
used. '

4) Programmed elimination of low-order harmonics causes
no harmonic interference with line filtering networks
typically employed in inverter power supplies

The disadvantage of using programmed techniques is that
each technique 1is associated the difficult task of
computing specific PWM switching instants to optimize a
particular objective function. This difficulty |is
especially encountered at a lower output frequency range
due to the necessity of a large number of switching
instants32. Zuckerberger33 describes an 8085 micro-
computer controlled three-phase inverter which operates
in the 1-45 Hz interval with the 5th, 7th and 11th
harmonics eliminated. Tables have been provided which
include elimination wup to and including the 13th
harmonic.

Since the inverter is required to operate efficiently
even at low frequencies, it was decided to use tables
for the generation of the PWM signals. This ensures
flexibility in implementing either sinusoidal or
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harmonic elimination PWM. At higher frequencies, the
harmonic elimination PWM would enable the inverter to
operate efficiently because the switching frequency
could be minimized. At 1lower frequencies, sinusoidal
modulation could yield a better performance because a

reduction in the higher order harmonics could be
achieved. ’

By using the programmed tables in Appendix 7.3,
elimination of the 5th, 7th, 11th and 13th harmonics was
obtained. Tables for sinusoidal modulation were
generated by a True Basic program which is also included
in Appendix 7.3. ‘

'5.2. MICROCONTROLLER SOFTWARE STRUCTURE

The software structure of the controller operates
with the use of the two on-board 8031 timers. A brief
description of the operation of the 8031 has been
included in Appendix 6. Timer 1 is used to determine at
which voltage and frequency to operate - (controller
function) and to provide a sequence of bytes in RAM for
timer 0 to access. The sequence in RAM comprises the six
siénals to control the six MOSFETs. For frequencies
ranging from 0-40Hz a full cycle consists of 256 bytes,
while for the ffequency range of 40 - 80Hz, 256 bytes
represents two full cycles. High frequency is obtained
at the expense of resolution, but this only occurs at a
high modulation index where good resolution is not
required.

Timer 0 is responsible for accessing the table that has
been set ﬁp in RAM and sequentially writing these values
to the output port at the required speed. The basic
structure of the software is illustrated below.
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SOFTHUARE STRUCTURE: TIMER OPERATION
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Figure 17: Software Structure for Microcontroller

It is necessary that timer 0 has the highest priority as
its speed must be fixed in order to obtain a uniform
output. The 8031 architecture provides for two priority
levels, but a third 1level can be simulated with
software . The controller function is responsible for
reading in any external variables and this occurs while
timer 1 is being serviced. Since reading an external
variable involves receiving an external interrupt, it is
necessary to create a third priority level. The external
interrupt therefore has the second priority and timer 1
has the third priority. The third priority level is
established in the service routine INTRPT which is shown
in Appendix 7.1.



Chapter 5: Generation of PWM Page 36

5.3. GENERATION OF PWM

Software operation to generate the required PWM has been
described by means of flow diagrams and the program
software is included in Appendix 7.1. '

5.3.1. Operation of Timer 1 Service Routine

The operation of timer 1, which is responsible for
generating the PWM is illustrated below.

TINER 4 SERVICE ROUTINE : CONTROLLER AND SETTING UP THREE-PHASE TABLE

Figure 18: Timer 1 Service Routine
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The routine operates by determining the new output
frequency from the either the control or startup
subroutines. These routines load register R7 with a
number which provides the address of the new frequency
and corresponding voltage. The frequency constitutes two
bytes which are 1loaded into the 16-bit timer speed
setting of timer 0, while the voltage setting contains
the start address of the voltage table to be accessed.
The subroutine SETVLT loads DPTR with the start address
of the voltage table and the subroutine RESUME switches
timer 0 to the new speed of operation. TABLE is used to
convert the voltage table into the three-phase sequence
in RAM.

Because timer 1 has two modes of operation for high and
low frequencies (above and below 40 Hz), it is necessary
to ensure a smooth transition from one mode to another.
Such a transition is detected by the subroutine SWOVER
and when it occurs the flag SWITCH is set. When a new
voltage table 1is being implemented, a sequence is
written to RAM over the existing sequence. This occurs
while timer 0 is continually accessing the sequence.
When the new frequency is in the same mode as the old
frequency this 1is acceptable as the voltage simply
changes slightly. However, when the frequency changes
modes a phase shift could occur that could damage the
~inverter. This phase shift arises due to the fact that a
different number of bytes is required to represent a
full cycle for the two modes and such an occurrence is
illustrated in the following figure.
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PHASE SHIFT DUE TO CHANGING MODES
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Figure 19: Phase Shift due to Changing Modes

In order to prevent such a phase shift occurring, it is
necessary when changing modes to create a new table
instead of overwriting the existing table. When the two
tables are in phase, synchronous switching can occur and
a smooth transition is ensured. The subroutine WAITSW
sets the bit READY when timer 0 passes through the start
of the table. This indicates to timer 0 that it must now
access the second table in RAM. Immediately after READY
is set, the speed of timer 0 is adjusted in the
subroutine RESUME.

$.3.2. Creating a Three-Phase Table in RAM

The subroutine TABLE converts the PWM ratios stored
in ROM into the three-phase sequence in RAM. This is
done in three stages and are as follows:

1) The PWM ratios of the relevant voltage table are
A transferred to internal RAM (subroutine READBL). There
can be between 1 and 32 ratios to represent a quarter
cycle and the end of the table is indicated by the
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2)

3)

number FFH. The sum of these ratios must equal 64 or

32, depending on the mode of operation.

A single-phase sequence is generated in external RAM
(subroutine SNGSEQ). The start address of this table
is 0200H and it requires 256 bytes. If operation is in
the high frequency mode, these 256 bytes represent two
cycles. '

By providing the single-phase table with the necessary
offset, a three-phase table is generated (subroutine
THRSEQ) . The start address of this table is 0000H at
frequencies below 40Hz and 0100H for frequencies above
40Hz. In each case this table also requires 256 bytes.

The above subroutines have been illustrated with the use
of the following flow diagrams:
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SUBROUTINE READBL: READING IN R PKM TABLE FROM ROM

SET DPIR 10

SET POINTER TO
BASE OF INTER-
NAL RAN TABLE

CLR GEAR

DEC DPIR 2X
DEC POINTER

IND OF
READEL

Figure 20: Reading in Voltage Table from ROM
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: CREATING f SINGLE-PHRSE SEQUENCE IN EXTERNAL RAM

SUBROUTINE SNGSEQ

CLEAR FLAGY
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YES

NO

HOVE @0H IKTO A

INCREHENT DPIR

_CPL FLAG2
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>
-

HOVE OiH INTO A

Y

Figure 21:

Generating Single-Phase Sequence in RAM
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SUBROUTINE THRSEQ : CREATING & THREE PHASE TABLE IN RAM

\. /

GOU 85 INTO OFFSED
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5.3.3. Operation of Timer 0 Service Routine

Timer 0 accesses the required three-phase sequence
in RAM and writes it to the output port. If the bit
SWITCH is set and the pointer is at the start of the
sequence, the address of the sequence to be accessed is
alternated. Another function of this service routine is
to provide an overlap for the MOSFETs if a transition in
one of the phases occurs. The operation of timer 0 is
illustrated in the flow diagram below.

TIMER @ SERVICE ROUTINE : OUTPUT OF PM SIGNALS

UPDATE NEW FREQ
(i.e adjust speed
of timer®)

1§ YES
POINTER=8

A switchover
cannot occur
unless the
pointer is
at zero

STORE POINTER

END INTERRUPT

Figure 23: Operation of Timer C Service Routine
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5.3.4. Software Optimization of Starting Torque

The high starting torque of the pump was overcome by
using the energy from the DC-link capacitors. .The
software routine to do this is illustrated below.

START—UP ROUTINE

IS
SPEED=8 ?

DISAB
TINER
INTERR
i
DISABL
IHVERTE FREQ=
ED + 4
12
SET BYPASS !
SLOW DOHK
TINERL
SANPLE RATE
! I
SET BYPASS

END OF l
STARI-UP
ROUTINE )

Figure 24: Routine to Overcome Starting Torque

When the controller senses that the motor is not
turning, the inverter is switched off to allow the
capacitors to charge up. After a set time, the watchdog
circuit reboots the controller and a large current pulse
is obtained to start the motor. By experimentation at
different frequencies, a pump torque of 1 Nm could be

sustained with a DC current of 0.74A. Hence, from the
panel characteristic curves, the pump will be able to
start at an irrandiance level of around 175 W/m3.
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In order to optimize the performance of the motor,
it is necessary to operate at maximum efficiency over
the full frequency range. The machine must be run
efficiently even at low frequencies so that the motor
speed and hence watefr delivery can be maximized at “all

irradiance levels.
/’—’__——————\———"’.—W

In most applications of variable speed drives, a linear
voltage versus frequency curve is followed. This ensures
a constant airgap flux which prevents saturation and
avoids damage to the motor. The motor is usually used at
its full capacity and hence the voltage frequency curve
passes through the point at rated voltage and fréquency.

The limitation of implementing such a curve is that
below rated frequency the efficiency is not maximized.
This is mainly due to the fact that the motor is being
run close to saturation and if the supply voltage were
to be increased above the constant flux line, any
theoretical improvements to the efficiency would be
offset by losses due to saturation. -However, if the
motor 1is oversized, considerable flexibility can be
achieved by implementing a voltage frequency curve that
ensures maximal efficiency over a wide frequency range.
This is due to the fact that at rated frequency the
supply voltage is less than rated voltage and hence the
motor does not operate close to saturation.

6.1. DERIVATION OF MAXTIMUM EFFICIENCY CURVE

In deriving the maximum efficiency curve, it is
assumed that the slip is small and hence approximations
have been made to the equivalent circuit. The circuit
used in the derivation is shown in figure 1. Althoﬁgh.
this circuit - would be unacceptable in predicting the
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motor performance accurately, it is only being used to
predict the voltage at which maximum efficiency occurs.

APPROXIMATE EQUIVALENT CIRCUIT

. ' %Rn grzu-s)
v " s

p

Figure 25: Approximate Equivalent Circuit for Best
Efficiency Derivation

From the above circuit, the following equations are

given34:
sV
I2pod = —55m——S5—,, T (1]
3v2r2
T = - eeee- (2]

1/2.swg X [x1+x2)2 + (r1+r2/s)2]

Since the slip 1is assumed to be small, the secondary
current can be simplified to:

sV

I2mod
r

and hence
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6V2s

Wgrp

Before Egn’s 3 and 4 can be implemented, it is necessary
to verify the above assumption for a small motor.
Parameters obtained from a test motor3® rated at 200v
and 0.75 kW  were used to compare current values
according to Egqn’s 1 and 3. '

At rated frequency(50Hz), the parameters were given as
ri = 2.89; xq1 = 1.91; rp = 2.14; X3 = 2.325; rp = 135.5;
Xm 48.147. At rated voltage and for a slip of 0.05,
Eqn 1 gives the current as I2poq = 2.685A, while Egn 3
gives the current as I2pog = 2.698A.

The parameters were also given at half rated frequency
and these were: ry = 2.89; X = 0.955; ry = 2.14; x5 =
1.1625; rp =106.957; Xp = 22.305. In this case, at half
rated voltage, Egn 1 gives I2pog = 1.347A, while Egn 3
gives 1I2p0q = 1.349A. Clearly, therefore, the above
approximation for the secondary current is valid for
small values of slip over a wide frequency range. Egn’s

3 and 4 can now be used to determine the efficiency of
the motor.

Efficiency is given by:

Pout

Pout *+ Plost

N 2 2 (5]
Rpri1s® + Rprps + ro

By differentiating the efficiency with respect to slip,
a local maximum is obtained:
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?f _ rsz[(l-ZS)(Rmrlsz+Rmrzs+r22)-s(l-s)(2Rmr1s+Rmr2)]
dg '(Rms2r1+ Rpros+ r22)2

=0
Hence Rp(ry + r2)s2 + 2r22s - r22 = 0

-r32 + rylp2% + Ry(rp + ry))%
and s , ———  —=——= [6]
Rm(rl + ry) ’

Substitution of eqn. 6 into egn. 4 gives the optimum
efficiency curve for voltage as a function of frequency:

T/6 , ]

VvV = Jw
® | -rp+ [£,2 + Ro(ry + r,)1%
Rm(rl + r2)

As can be seen from the above equation, the supply
voltage is proportional to the square root of the
operating frequency. It should be noted, however, that
the circuit parameters are frequency dependent and hence
it is necessary to estimate the effect of frequency on
the equivalent circuit before the above relationship can
be evaluated.

6.2. DERIVATION O UTV, CIRCUIT P. ERS

In order to predict the performance of the motor,
the equivalent circuit was found for both fundamental
and harmonic frequencies.

6.2.1. Calculation of Pundamental Circuit Parameters

The motor performance was evaluated with the use of
the equivalent circuit shown below. A method which uses
the blocked rotor and no-load tests at rated and half-
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rated frequency has been used to evaluate the variation
36

in parameters with the fundamental frequency~”".

The no-load tests were conducted at both rated voltage
and at a voltage which was close to the expected
operating voltage for the system. Because of magnetic
saturation, the two tests yielded slightly different
‘results and it was therefore decided to use the lower
voltage. Similarly the blocked rotor tests were done at
a current similar to that expected during normal
operation and not at the rated current of the motor. The
blocked rotor and no-load tests have been included in
Appendix 4.3.

FUNDAMENTAL FREQUENCY EQUIVALENT CIRCUIT

. VAAANA——er DO T ~VWW\— TYOV?
4

x 1,(1-5)
. H

. 3

Figure 26: Equivalent Circuit to Predict Motor
: Performance

6.2.1.1. Calculation of ry,r;,1; and 1,

For a conductor of circular cross section with its
diameter d < 2mm, the skin effect is negligible and r;
is constant3’. The values of the secondary circuit
parameters change considerably due to skin effect38 and
l, and r,; are obtained by extrapolation as shown in
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Figure 27. These values were found by using the
blocked rotor tests and are shown below. Since the
tests have not been done for double-cage or deep-bar
rotors, it was not necessary to conduct the tests at

slip frequency.

ry = 0.737; -—-— Temperature corrected DC
resistance
1; = 3.251 mH; --- Found by assuming that at rated

frequency 1; = 1,

¥on = 0.500; 155, = 3.521 mH; -- rated frequency
Fop’= 0.363; l1,0/= 3.925 mH; -- 1/2 rated
frequency

12 and r2 vs Frequency

1 : 5
0.9 i’f::::.u‘..::‘.:l .................................. L4.5
0.8 i g i H H L4
e T
£0.6 £
~ Q
8 0.5 g
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O Pad
w 0.4 : 2 3
4l i ko)
® 0.3 : 15 =
0.2 } »
0.1 1 0.5
O T 1T71TT 71T 717 17T T1T T 7 TT1 71T T 1 7T ; T 1 107 "r T71 17T O
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Frequency (Hz)

Figure 27: Secondary Resistance and Secondary
Leakage Inductance for Operating
Frequency Range

From the values obtained above, the secondary

resistance and leakage inductance are given by:
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1l = 4.599 - 0.02696f mH;

rp 0.226 + 0.00548f ohms.

6.2.1.2. Calculation of Magnetizing Reactance

Since the supply voltage is below rated voltage, the
effect of magnetic saturation in the exciting inductance
has been neglected and hence this value is constant3?,
The magnetizing inductance was found from the no-load
tests and results were obtained at 25 and 50 Hz to give
Lp2s = 0.0537H and Lpsg = 0.054H. Clearly the assumption
that the magnetizing inductance is constant is valid and
the average value was taken to give Lp = 0.0539H.

6.2.1.3. Calculation of Mechanical Losses
Friction and windage losses can be predicted by
Wm = Kp(l-s)2fZ  ——----- (8]

where K, and z are constants. The mechanical losses at
rated and half—rated'frequency were obtained from the
no-load curves and substituted into the above equation
to give

z = 1.24 and Ky = 0.1094.

For the purposes of determining the meéhanical losses
the dependance of the circuit paraméters on frequency
have been heglected in determining the slip. The slip
was determined according to eqgn. 6 at rated frequency
and expected load. This yielded s = 0.022 and hence

Wm = 0.106f1-24
6.2.1.4. Calculation of Iron Losses

The iron losses can be divided into hysteresis and eddy
current losses, where

Wc = Wh + We
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= kpfd? + kef29%2 ----—- [9]

The dependance of mutual flux on the induced emf is
given by

El = 4.44Kp £nd

and the assumption that V1 = 4.44kp fnd is valid except
for very 1low frequencies40. For a constant voltage
versus frequency relationship, this would mean that
constant flux would be maintained. However, the maximum
efficiency curve best approximates a square root curve

of voltage versus frequency and hence
vV = k/E ; d = k' )/
where k,k’ ére constants

Using the above relationship of flux to frequency and
egqn. 9, the iron losses can be calculated as follows:

We = kp' + ke'f, ——-=--- [10)
where kp'= khkf and keg'= kgk’.
From the no-load test, Pin = 3I02r1 + Wc + Wm.

Wc can thus be calculated from the results at rated and
half-rated frequency to give:

We = 5.585 + 0.131f

6.2.1.5. Ccalculation of Iron and Mechanical Loss
Resistance

Since the voltage frequency curve has been calculated in
terms of the circuit parameters and the dependance of rj
on frequency is known, the mechanical and iron losses
can be taken into account by Rgp.

By combining egn’s 8 and 10, the power dissipated by Rcm
is given by:
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Kh'+ ke’f + Kp(1l-s)Zf%Z  ——-eee- [11]

The iron and mechanical loss resistance is given by:

In order to calculate the iron and magnetic 1loss
resistance, it is necessary to determine the no-load
current as a function of frequency. In determining the
no-load current, it was necessary to assume that this
current 1is primarily determined by the magnetizing
impedance and that the supply voltage follows a square
root curve with respect to frequency.

Using the above assumptions the no-load current is given
by:

Io = ko/VE  ====--- [13]

Since the no-load tests were conducted with the supply
voltage following a square root curve, the accuracy of
the above equation can be assessed:

At a frequency of 50 Hz the no-load current was measured
to be 1.9A and this yielded ko = 13.44. At 25 Hz the no-
load current was 2.75A and this yielded kg = 13.75.

Clearly the equation 13 1is a good approximation in
determining Ig.

By combining equations 11,12 and 13, the iron and
mechanical loss resistance is given by:

Rem = (Kn'+ ke’f + Kp(1-s)2£2)£/(3ko2)

It should be noted that because a fixed voltage
frequency relationship has been assumed, this value of
Rcpm has been estimated only in terms of the frequency.
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For changes in the supply voltage, as would occur for
different 1load torques, this value will not predict
constant losses accurately. Hence fdr lower torques, the
equivalent circuit will predict a slightly higher
efficiency than that found experimentally. However,
within the operating range of torques, a fairly accurate
prediction of the motor performance is obtained.

6.2.2 Harmonic Frequency Equivalent Circuit

The harmonic equivalent circuit of an induction
motor under normal operating conditions can be
represented by an equivalent circuit similar to that of
the locked-rotor equivalent circuit?l,

HARMONIC EQUIVALENT CIRCUIT

r
. 2V .
Jul /‘v J'lzv

iv iV

Figure 28: Harmonic Frequency Equivalent Circuit

The primary resistance and leakage reactance is assumed
to be constant and therefore rjy = ri; and 1liy = 1l7. The
secondary resistance can be expressed approximately as a
linear function of the frequency and is given by
roy = afy + b, where a and b have already been
determined from the fundamental equivalent circuit.

The secondary leakage inductance has a linear function
of frequency in the logarithmic domain and therefore 1,y
can be expressed by the power function of the harmonic



Chapter 6: Motor Efficiency Analysis ' Page 55

frequency42. l,y is determined from the blocked rotor
tests at 25 and 50Hz a follows:

lay = KE©

12 (50H2)
where c¢ = logy —mM——

12 (25Hz)

12 (50Hz)

£,°

' From the blocked rotor test results and solving the
above equations, 1ljy is given by:

1oy = 6.507£, 0-137

6.3. EVALUATION OF MOTOR PERFORMANCE

Before the motor performance can be evaluated, it is
necessary to determine the accuracy of the derived
optimum voltage frequency curve. The experimental
efficiency of the motor is compared with the
theoretically predicted efficiency and the effects of
oversizing the motor are also discussed.

6.3.1. Evaluation of Optimum Voltage Frequency Curve

In this section the optimum voltage freguency curve
is evaluated against the equivalent circuit and the
effectiveness of implementing such a curve in a
production environment is discussed.

6.3.1.1. Evaluation of Approximated Equivalent
Circuit Derivation

Since r;(f) and Rcm(f) are known, the curve for optimum
efficiency can be obtained by substituting these values



Chapter 6: Motor Efficiency Analysis Page 56

into egn 7. The following graph shows the derived
optimum voltage frequency curve for different torques.

Optimum Voltage vs Frequency Curves
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Figure 29: Derived Optimum Voltage Frequency Curve
for Different Torques

Since only an approximate circuit was used to obtain the
above curves, it ' is necessary to verify these
relationships against the  unsimplified equivalent
circuit. This circuit was simulated with the use of a
MATHSCAD program included in Appendix 4.2. The motor
efficiency was predicted for different values of voltage
and frequency in order to find the optimum voltage for a
torque of 1Nm. The efficiency at different frequencies
of the derived curve was also obtained with the
unsimplified equivalent circuit. The graph below shows
the derived and unsimplified circuit best voltage
frequency curves with the corresponding calculated
efficiencies.
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Evaluation of Optimized Curve
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Figure 30: Voltage and Efficiency as a Function of
Frequency for Derived and Exact Circuit

Optimum Performance

As can be seen from the above graph, there is a good

correlation between the two voltage frequency curves.

Deviations between the two curves are due to the effects

of the circuit inductances. At higher frequencies the

series winding 1leakage inductance has a higher
impedance, while at 1low frequencies the parallel

magnetizing impedance begins to have an influence on the
efficiency. These deviations at high and low frequencies
do not have a significant effect on the motor efficiency
and therefore the derived best efficiency curve can
implemented in the microcontroller software for the
required torque.
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6.3.1.2. Effect of Mismatching on Motor Performance

The voltage frequency curve has been derived to optimize
the motor performance at a particular torque and supply
voltage. In a production environment these variables are
likely to vary and hence the performance of the motor
will be affected.

The torque of a pumping system varies directly with the
head and this will fluctuate seasonally. The graph below
shows the effect of changing torque around the designed
value (0.85 Nm) on the motor efficiency. Clearly the
efficiency of the motor has an inelastic relationship to
the torque and the system will still operate efficiently
despite fairly large changes in torque. '

Torque Sensitivity (Voltage Constant)
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Torque (Nm)

Figure 31: Efficiency Sensitivity for Changing
Torque
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The panel voltage changes due to temperature and
irradiance level and these changes also affect the motor
performance. The sensitivity of the motor due to changes
in voltage is shown below, with markers showing the
efficiency at 20% from the optimum voltage. Even with
such a large voltage deviation the efficiency of the
motor is maintained to within 3% from its maximum.

Efficiency vs Voltage
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Figure 32: Efficiency Sensitivity for Changing
Voltage

6.3.2. Experimental Evaluation of Motor Performance

The efficiency of the motor was measured
experimentally at a fixed torque and these results were
compared with the predicted efficiency from the
equivalent circuit.
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Motor Efficiency
(T =1 Nm)
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Figure 33: Experimental and Theoretical Motor
Efficiency (T = 1 Nm)

From the above graph it can be seen that the
experimental efficiency 1is slightly 1lower than the
calculated efficiency. This is due to the fact that the
motor has been lightly loaded and because of the low
supply voltage, the " losses of R, have not Dbeen
adequately estimated. Despite this, the two graphs are
very similar in shape and this indicates that the
frequency dependance of the circuit parameters has been

correctly estimated. .
6.3.3. Effects of Oversizing the Induction Motor

The graphs below show plots of the mnotor
characteristics at rated voltage and at a lower voltage
at which the efficiency is maximized for a particular
torque. The curves were obtained from the equivalent
circuit for which the parameters were determined
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separately at rated voltage and current and lower

voltage and current.

The motor curves are therefore

shown at rated output and at a typical power output.
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Figure 34: Motor Characteristics at Rated Frequency

and Voltage (V=63.5vip)
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Figure 35: Motor Characteristics at Rated Frequency
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From the graphs, the efficiency of the motor is
virtually the same in both cases. The power factors at
the operating points of the two curves are similar and
this means that the inverter losses will not increase
due to oversizing.

From the motor curves in Appendix 4.1,. the motor
efficiency at very light loads tends to decrease. This
is to Dbe expécted due to the increased effect of
constant losses on the motor performance. A limit
therefore exists to the extent the motor can be
oversized while maintaining an acceptable efficiency
level. For ratings down to around 150W, the motor
efficiency is still acceptable and hence the motor is
suitable for a large power range.
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For the system to operate efficiently the
inverter performance must be optimized over a wide
frequency range. The inverter losses are classified
as the losses which have been introduced by the
inverter and these have been divided into harmonic,
switching, conduction, and control circuit losses. In
this chapter the different losses are estimated and
combined to form the total inverter losses.

7.1. ASSESSMENT OF PWM HARMONIC LOSSES

Both sinusoidal and harmonic elimination PWM
techniques were implemented and the two methods were
compared to determine which would yield the highest
efficiency. For the harmonic elimination method, the
effectiveness of the microcontroller in eliminating
the required harmonics was evaluated by obtaining
harmonic traces of the output voltage at 20, 35 and
50Hz. These traces have been included in Appendix 8.
From the graphs in the appendix, it can be seen that
the 5th, 7th, 11ith and 13th harmonics have been
successfully eliminated subject to small rounding
errors.

In order to assess the harmonic losses caused by the
inverter, the current waveform was decomposed into
its fourier elements. These elements were used as
inputs to the harmonic equivalent circuit and the -
losses were predicted. The losses for both sinusoidal
PWwM and programmed harmonic elimination PWM were
examined and comparisons were drawn between the two
methods. In the figures below, the 1losses at
different frequencies for harmonic and sinusoidal PWM
are shown. The current harmonic spectrum has been
included in Appendix 8.
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Harmonic Power Loss at 20 Hz
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Figure 36: Harmonic Losses at 20 Hz
Harmonic Power Loss at 35 Hz
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Figure 37: Harmonic Losses at 35 Hz
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Har monic Power Loss at 50 Hz
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Figure 38: Harmonic Losses at 50 Hz

The total harmonic losses of each method were obtained

and are shown beiow:

HARMONIC LOSSES | Harm Elim | Sine Mod
Frequency = 20 Hz: 24.9 W 16.3 W
Frequency = 35 Hz: 23.1 W 15.2 W
Frequency = 50 Hz: 12.7 W 4.6 W

Figure 39: Table of Harmonic Losses for Sine and
Harmonic Elimination PWM

As can be seen from .the above table, sinusoidal
modulation has an advantage over the harmonic
elimination method  in reducing the total harmonic
losses. Th.s is due to the fact that harmonics above the
13th have a significant influence on the total losses.
In order to fully assess the optimum method for the
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CURRENT HAUEFORM
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Figure 41: Linearized Current Switching Waveform

From Appendix 1.4, the total commutation energy loss may

be expressed as
E = Vyc(Areal + Area2)

=1.19.10"3 gJ

The switching losses are therefore given by
Pouw = 3-fS-1.19o10‘3 W, where f5 1is the switching
frequency. Power dissipated by the snubber circuit has
been neglected in determining the switching losses
because the tests were conducted only with small snubber
capacitors and these had a negligible effect on the
system losses. The switching losses were obtained at
frequehcies of 20, 35 and 50 Hz in order to compare the
two methods of generating PWM.
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SWITCHING LOSSES Harm_Eliﬁ Sine Mod
Frequency = 20 Hz: : 1.4 W 6.5 W
Frequeﬁcy = 35 Hz: 2.5 W 7.5 W
Frequency = 50 Hz: 3.6 W 5 W

Figure 42: Switching losses for Sine and Harmonic
Elimination PWM

When combining the harmonic and switching losses of the
two methods of PWM, it can be seen that the sine
modulated method is more efficient than the harmonic
elimination method. This is especially true at 1lower
frequencies. Therefore, for frequencies below 50 Hz sine
modulation was used, while for frequencies above 50 Hz
the harmonic elimination method was used.

7.3. ASSESSMENT OF CONDUCTION LOSSES

In order to minimize the conduétion_losses, MOSFETs
with the 1lowest on-resistance in the required voltage
range were chosen. The IRFP250 MOSFETs are rated at 200v
with an on-resistance of only 0.085 ohms. The normalized
on-resistance versus temperature graph for this device
is shown in Appendix 1.4. Durihg normal operation, it
was found that the Mosfets did not heat up considerably
and only small heatsinks were used. From the voltage

versus temperature graph, the on-resistance at 60 C is
0.106 ohms.

The load current is carried either by the channel of one
MOSFET or by the body-drain diode of the other. When the

channel is conducting, the power dissipated by that
MOSFET is given by
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Pg = ia’Rpson-
During the period when the body-drain diode of a MOSFET
conducts, the power dissipated by that MOSFET is given
by

Py = igVsqa:

where Vggq is the forward drop of the diode and is a
function of the load current. Since the load current for
the motor has been assumed constant for all frequencies,
Vgq can be obtained from current compensation graph
Appendix 1.4. For a peak current of 7.4A, Vgg was found
to be approximately 0.75v. |

According to the calculations supplied by the Hexfet
Designers Manual and included in Appendix 1.4, the
average power in one leg of the inverter due to channel
conduction is given by '

Pchan = 0-462I1°Rpgon, ==---- [1]

where I; is the peak AC current. The average power loss
due to diode conduction is given by

Pdiode = 0.068I1Vgp. = ===—=== (2]

The motor operates at a power factor of around 0.8 and
this must be taken into account according to the 1loss
factor graph in Appendix 1.4. For a loss factor of 1.7,
the total conduction ‘losses are given by:

Channel Conduction Losses: 8.045W
Diode Conduction Losses: 1.925W

Total Conduction Losses: 9,97W

This power is easily dissipated by the six MOSFETs and
there is therefore no need for large heatsinks.
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7.4. ASSESSMENT OF CONTROL CIRCUIT LOSSES

The control circuit losses are constant and these
are determined by the microcontroller and base drive
current requirements.

The combined microcontroller and base drive circuit
requires a current of approximately 200mA. For a
supply voltage of 15v, this represents a power loss
of 3W. It should be noted, however, that this supply
voltage must be obtained from the full dc supply rail
by means of a dc-dc converter The dc—-dc converter as
described in the hardware design chapter yielded an
efficiency of 55% and the power lost was therefore
5.45W. '

7.5. INVERTER EFFICIENCY AND TOTAL LOSSES

The inverter efficiency was found experimentally
by measuring the efficiency of the motor with pure
sinusoidal excitation and comparing it to the
efficiency obtained when the motor was supplied by
the inverter. This method incorporates the harmonic
losses with the inverter 1losses. The graph below
shows the motor and combined motor/inverter

efficiency.

Efflclency
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0 10 20 30 40 50 60 70 80
Frequency (Hz)

Figure 43: Motor and Combined Inverter and Motor
Efficiency
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Figure 44 shows the inverter efficiency as a function
of frequency for a torque of 1 Nm. At frequenciés
above 50Hz, the inverter efficiency is close to 87%,
which compares favourably with a typical inverter
efficiency of 85% as quoted by Lasnier44. It is
expected that at higher power ratings the efficiency
of the bridge should increase as the constant control
circuit and modulation frequency harmonic losses will
become less significant. The slight bumps in the
inverter efficiency curve are —caused by the
microcontroller changing from one voltage table to
the next.

Inverter Efficiency
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Figure 44: Inverter Efficiency versus Frequency

The harmonic losses have been obtained by deducting
the switching, conduction and control circuit losses
from the total inverter losses. The bar chart shown
below provides an estimated Dbreakdown of the
different losses and these are discussed further.
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Figure 45: Bar Chart of Different Inverter Losses

The accuracy of determining the harmonic losses by the

above method can be verified against the harmonic
_equivalent circuit results obtained previously:
HARMONIC LOSS PREDICTION
Harm Equ Cct | Eff Method
Frequency = 20 Hz: 16.3 W 17.7 W
Frequency = 35 Hz: 15.2 W 13.5 W
Frequency = 50 Hz: 4.6 W 7.1 W

Figure 46: Correlation of Two Methods of Harmonic

Loss Prediction
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Clearly the two methods are in good agreement at these
frequencies.

The switching losses increase steadily with frequency up
to S50Hz, while the harmonic losses decrease accordingly.
Although there is a decrease in the number of switches
per cycle with frequency, the frequency increases at a
higher rate and hence the switching losses increase. For
frequencies above 40 Hz, the generation of PWM takes
place in the second mode of operation. Although the
resolution is not as fine here, this has no ill effects
on the harmonic losses as the trend of decreasing
harmonics continues to 50 Hz.

Above 50 Hz, the harmonic elimination method has been
used and here the harmonic losses increase
substantially. This is probably due to the introduction
of additional harmonics due to overmodulation at these
high frequencies.
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The main function of the controller for any solar
water pumping system is to ensure that the water
delivery of the pump is maximized. In conventional solar
pumping applications, two methods of control can be
implemented and these are constant voltage control and
maximum power point tracking. For this project, a third
method of control is presented, namely speed control.

8.1. CONSTANT VOLTAGE TRACKING

This is the simplest and most commonly used method
of ensuring that the system is run close to the maximum
power point of the solar panels. The method is based on
the assumption that the maximum power point of the
panels is found at constant voltage for all levels of
irradiance. A control system that uses such a method
would simply adjust the load (i.e. vary the pump speed)
in such a way that the voltage remains fixed at a
predetermined level. This method is used widely in many
solar applications which include battery charging and
water pumping. The DC positive displacement systems of
Mono Pumps uses this method of control.

The main disadvantage of this method is that the voltage
at which the peak power point occurs can vary
substantially due to factors such as temperature,
insolation and production spread. Another disadvantage
of this method is that the system must be set to operate
at the correct voltage and this could be difficult if

different types of panels are being used in a production
environment.

Voltage vtracking can be used successfully if the
operating voltage is determined as a fixed percentage of .
the open circuit voltage. This implies that the 1load
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must be briefly disconnected in order to determine the
open circuit voltage. Such a method has been. developed

that enables the panels to operate close to the peak
power point45.

8.2. MAXIMUM POWER POINT TRACKING

This method of control can be used to ensure that
the panels deliver their maximum power over a wide rage
of solar insolation. In order to realize such a
controller, it is necessary to multiply the instan-
taneous current and voltage and to implement some form
of hill-climbihg algorithm to operate on the peak power
point. Usually such systems are implemented with the use
of a microcontroller.

8.3. SPEED MAXIMIZATION CONTROLLER

In feedback control systems, it 1is advisable
wherever possible to use the final output variable in
the feedback path. This ensures that if there are any
parameter variations to the transfer function, these do
not significantly affect the output. It is obvious that
the primary task of the controller is to maximize the
water delivery, and although this is usually
coincidental with operating on the peak power point, it
is not always the case. This is especially true for a
three-phase motor drive, where a change in the harmonic
content of the motor current could cause more power to
be used at a lower operating spéed than a higher speed.
This would only be noticeable for small changes in
supply frequency and hence there would be ‘glitches’
where the motor would operate below maximum speed. This
is also only likely to occur at low speeds where the

harmonic losses have more influence on the system motor
performance.
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Using conventional feedback theory, the optimum approach
‘would be to maximize the water flow rate. However, this
would not give a very constant reading because of
oscillations and phase shifts in the pump itself. These
fluctuations could be filtered out, but this 1is not
necessary if the speed of the pump is used as the
control variable. This is because the pump has a large
flywheel on it and this acts as a low-pass filter.
Another reason to use a speed transducer is that it is
both cheap and robust. Since the motor speed is higher
than the pump speed, it is advantageous to place the
speed transducer on the motor to enable faster sampling
times at low speeds.

It is for the above reasons that a controller was
" designed which used the motor speed as the input
variable in order to maximize the water delivery.

8.4. CONTROLLER REQUIREMENTS

The controller must ensure that the motor is run as
fast as possible over a wide range of insolation levels.
This is a dynamic process in which the controller is
continually varying the supply frequency in order to
obtain maximum speed. The controller must - therefore
minimize its hunting operation around the maximum speed
point as this will lead to a reduced flow rate.

Another requirement of the controller is to have an
adequate dynamic response to ensure that the system
remains stable. Although the time constant of insolation
for a clear day is very' slow, the controller must
provide a fast dynamic response in the event of changes
in insolation due to clouds or other disturbances. In
lightly overcast conditions the irradiance level
- fluctuates often and it is not acceptable to have the
motor staliing and restarting during such conditions.
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8.5. DESIGNING A SUITABLE CONTROLLER

Initially the pump characteristics were simulated by
coupling the induction motor to a DC generator loaded to
a torque of 1 Nm, which is a typical value to be
expected for a PDP pumping system: The solar panels were
simulated by a 110v DC bus with a variable internal
resistor. Such a configuration yields a parabolic power
curve with a peak power point at half the open circuit
voltage. |

8.5.1. Hill-Climbing Algorithm Approach

Since the panel characteristics are not known and
are variable, a formula cannot be applied in determining
the maximum power point. A conventional control system
would use a hill-climbing algorithm to operate at the
peak power point. This approach was implemented and is
illustrated in the following figure.
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Figure 47: Control Method Whereby Small Changes in
Frequency are Used to Obtain Maximum
Speed
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Although the above method was capable of tracking the

peak power point, it was only stable for slow changes of
the internal resistor.

A controller was needed that could find the peak
operating point despite large steps in irradiance
levels. Such a controller was obtained by following a
constant slip curve.

8.5.2. Constant S8lip Controller

A controller was implemented which ensured that the
motor operated at a constant slip. This gave the
advantage that if there were 1large changes in
irradiance, a frequency could be selected that would
enable the motor to accelerate to its maximum speed.
This method worked on the principle that

Fn = kNp-1,
where F, = New frequency
Np-1 = Previous speed
k = Scalihg constant

The speed was scaled in such a way that KNh-1 was always
slightly greater than Fp-j when the motor was undergoing
normal operation. When the peak point was exceeded, the
slip would start to increase and kNp-; would decrease.
Hence Fnh would be lower than Fp.; and the motor would
oscillate slowly between two frequencies at the peak
point. This method is illustrated in the graph below.
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‘Controller Operating Principle
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Figure 48: Operation of Constant Slip Controller

In order for the above system to operate effectively, it
was necessary for the two bytes containing the frequency
Fn and speed Nn to have a 1linear relationship with
respect to the actual speed and frequency. The accuracy
of the speed tracking was determined by the linearity of
these two variables. Any deviations from a 1linear
relationship would lead to glitches in the controller
which could only be overcome by increasing k and hence
increasing the oscillations at the peak power point. The
hardware for reading in the speed used an LM331 which
provides a very linear response (0.01%). The output
frequency, however, was determined by the timer speed
values and these followed a hyperbolic curve with
respect to frequency. A look-up table was implemented to
provide a linear relationship with frequency and this is
shown in the graph below.
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Linearity of Output Frequency
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Figure 49: Linearity of Fn With Respect to the
Actual Frequency

Although this method provided both stable operation at
the peak point and a fast dynamic response, it was still
not acceptable because k had to be carefully adjusted to
prevent the controller from becoming unstable. If KkNp-3
was slightly too large then the system would start
oscillating and if it was too small the motor would
remain at constant speed or even converge to the lowest
frequency. This placed a fine tolerance on k which was
unacceptable for the robust requirements of a solar
water pump. '

In addition to this, when the system was run from the
solar panels, it became more difficult to control. This
was due to the fact that the short circuit current of
the panels is close to the operating current and if the
slip increased, the motor would require more current and
the voltage would quickly collapse.
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With the use of a data acquisition system, it was

possible to obtain plots of the voltage and speed‘
against time. The collapsing voltage of figure 50 was
caused by the controller trying to operate at
frequency slightly above that for optimum speed. From
the graph it is clear that the dips in the speed are

inevitable because of the phase delay of the load caused
by the high inertia of the pump.

a

Speed and Voltage vs Time
Step Change in Irradiance

Speed

Voltage

Array Voltage (V)

Time (Seconds)

Figure 50: Phase Delay of Motor Speed with
Collapsing Supply Voltage

8.5.3. 8lip Controller with Offset

In an attempt to avoid the problem of the load phase
delay, an offset was provided to kNp-j so that the two
lines of figure48 would have a definite crossover point.
By introducing such a crossover point, the controller
would operate at a fixed frequency. After a
predetermined time, k was increased to cause a higher
operating frequency. If the peak point was exceeded, k
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was decreased until the speed oscillations had fallen
below a certain level.

Controller Operating Principle
(With Offset)
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Figure 51: Operation of Controller with Crossover -
Point ’

The advantage of this method was that the voltage did
not collapse unnecessarily and the controller was still
capable of a fast dynamic response. In figure 52 the
controller response is shown after a step disturbance to
the panel irradiance level. The disturbance was achieved
by tilting the panels away from the sun and returning
them back to their original position.
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Figure 52: Controller Performance Following a Step
Change in Irradiance.

The software implementation'of this control method
illustrated in the following flow diagram.

Speed
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Figure 53
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The microcontroller software thus ensured that if the
speed remained constant too long, k was increased and if
the speed oscillated too much then k was decreased. If
oscillations were present then k would be decreased
immediately, but the time constant to increase k was
much slower. The graphs in figure 54 show the controller
performance once the oscillations have settled to an
acceptable level. '
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Figure 54: Controller Performance Once Oscillations
have Settled

In order to evaluate the effectiveness of the
controller, the position at which the motor operated on
the power curve was monitored. The power curve of the
panels was logged by connecting a variable resistor
across the array output and measuring the voltage and
current from the panels. Immediately thereafter the
motor was run from the panels and once the motor had
vsettled, the voltage and current were measured. 1In
figure 55 the results of this test have been plotted at
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different levels of insolation. As can be seen from the
graph, the controller adequately tracks the peak power
point.

Controller Evaluation

Output Power

0 10 20 30 40 50 60 70 80 90 100 110 120
‘ Panel Array Voltage (V) :

Figure 55: Evaluation of Speed Controller
Performance

In order to simulate the pumping system as closely as
possible, the motor was mounted to a closed circuit Mono
positive displacement pump. The required head was
" simulated by means of a pressure gauge and a photograph
of the experimental set-up is shown below.
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9.1. SYSTEM OPTIMIZATION FOR FIELD TEST CONDITIONS

In order for the AC system to operate efficiently,
it was necessary to determine the most suitable pulley
ratio and to implement the optimum voltage frequency
curve for the required torque.

The DC system installed by Mono Pumps comprised a
positive displacement pump (Model S2M) powered by seven
49Wp panels. This delivers a peak input power of 343W,
although this is unlikely to be realized due to the
decreased performance of the panels at higher
temperatures. According to Mono Pumps, the panels are
derated by as much as 60% when determining the required
system components. From the Siemens characteristic
curves in Appendix 1.3, the panels can be derated by
approximately 10% due to the effect of temperature.

At maximum input power it is desirable to run the motor
at full speed in order to operate the motor efficiently
over a wide speed range. At 80Hz the efficiency of the
motor/inverter combination was assumed to be 70% and
hence the input power to the pump was 216W. Since
T=P,/W, the desired torque of the motor is 0.89Nm.

The torque of the pump is not given directly from the
manufacturer curves, but it can be calculated because
the efficiency and input power as a function of speed
are given. According to Mr M. van der Westhuizen, who
installed the system, the head of the pump is 40m. From
the characteristic curves of the pump at higher speeds,
the torque of the pump at this head is 2.6 Nm. This is
only a rough estimate as the characteristic curves do.
not appear to be accurate. From the characteristic
curves, at lower speeds the torque increases, which is
unlikely because of the constant torque speed
characteristic of the pump. |
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‘'9.2. FACTORS AFFECTING SYSTEM PERFORMANCE DURING TEST

The induction motor was mounted on the pump and
supported on bearings so that the torque of the pump
could be measured. The torque was found to be fairly
constant and less than the expected value. The DC system
had a pulley ratio of 3.6:1, which inhibited its
performance because the gear ratio was too high. The DC-
DC converter went into straight-through mode at fairly
low irradiances and this imposed a limitation on the
maximum speed of the DC motor.

For the AC system, a pulley ratio of 2.2:1 was chosen
and this provided a maximum motor speed of 1725 Rpm,
which was significantly less than the designed maximum
speed of 2300 Rpm. The reason for this low speed was
that the panels were only capable of delivering 255Wp,
as opposed to an expected 308Wp. The poor performance of
the panels was due to the fairly low irradiance levels
which occurred during testing.

A further 1limitation on the AC system was that the
controller did not yet operate -effectively, as the
controller was not yet fully refined. For the purposes
of the field test, the output fréquency of the
controller was adjusted manually in order to operateAat
the peak power point of the panels. This did not prove
to be an effective means of controlling the system
because of the sensitivity of the panels when the peak
power point was exceeded. In order to take measurements,
the panels were operated slightly to the right of the
maximum power point. '

9.3. MEASUREMENTS TAKEN DURING FIELD TESTS

The field tests took place over two clear days, one
day was used for the DC system, while the other was used
for the AC system. The performance of each system was
measured at different irradiance 1levels and the
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irradiance was plotted as a function of time. The
results of the two systems could then be plotted on the
same time axes for comparative purposes.

In order to ensure that the two days had similar
insolence levels, a pyranometer calibrated by the UCT
'Energy Research Institute was used. Although the meter
has no guaranteed accuracy, it was judged to be accurate
to within 2%. Since estimates of the irradiance were
only required for comparative tests, this meter proved
to be adequate for the purposes intended.

No'temperature measurements were taken of the panels as
the primary aim of the experiment was to assess the
drive and pump performances. The pyranometer used was of
a similar technology to the panels, so any deviations
due to temperature change were automatically compensated
for by this device, as it was also temperature
sensitive.

For each system the operating characteristics were
obtained at different irradiance levels. The variables
which were measured were flow rate, pump speed, current,
voltage, torque and irradiance level. Torque could only
be measured on the AC system as the motor had to be
mounted on bearings.

9.4. ASSESSMENT OF PUMP CHARACTERISTICS

The torque of the pump was measured over the required
speed range and this is shown in the following graph.

[
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PUMP TORQUE-SPEED CURVE
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Figure 59: Torgue Speed Curve for Field Test Pump

The pump torque 1levels off at 1.62 Nm, which is 1less
than the expected torque of 2.6 Nm. Unfortunately the
head could not be measured as it would have been
necessary to remove the pump from the borehole with
heavy 1ift equipment. '

The flow rate was also measured as a function of speed
- and this was plotted in the graph below. Here there was
good correlation between the experimental graph and the
graph obtained from the Mono curves.
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Figure 60: Experimental Curve of Flow Rate Versus
Speed _

9.5. COMPARATIVE TESTS BETWEEN DC AND AC SYSTEMS

The performance of the two systems was measured and
compared. Particular attention has been given to the
flow rate and efficiency of the two systems.

9.5.1. Panel Optimization Assessment

The graph in figure 61 shows the voltage of the two
systems at different levels of irradiance. The DC system
is not being used optimally, as at high 1levels of
irradiance, when the converter goes into straight-
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through mode, the voltage of the panels increases and
the panels do not operate at their peak power point. It
would appear that even at low levels of irradiance, the
system operates sub-optimally, as the voltage is below
that for maximum power point operation. The voltage of
the AC system operates much closer to the peak power
‘point, which is close to 90v. . '
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Figure 61: Panel Voltage for AC and DC Systems

9.5.2. Performance Comparison Between Two Systems -

In order to compare the water delivery of the two
systems, it was necessary to determine the irradiance
level as a function of time for a typical clear day.
Since the performance of the two systems was measured as
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a function of irradiance, the graphs for both systems
could be plotted as a function of time. The graph below
shows the irradiance plotted over a half day.

IRRADIANCE VS TIME
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Figure 62: Irradiance versus Time for a Clear Day

Because of the lower pulley ratio of the AC system, it
was capable of attaining a higher speed at high levels
of irradiance than the DC system. As can be seen from
the graph below, the efficiency of the AC system
decreased relative to the DC system at lower levels of
irradiance. This is to be expected as at low frequencies
both the efficiency of the inverter and motor of the AC
system decreases. The efficiency of the DC motor, on the
other hand, remains constant over a wide speéd range and
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only the efficiency of the converter decreases at lower

speeds.
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Figure 63: Flow Rate of AC and DC Systems

The efficiency of the two systems was also compared. In
these tests the sub-optimal utilization of the panels in
the DC system was not taken into account. The efficiency
was determined from

Pout

Vac ' Idac
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where Pgyt is determined from the flow rate and head of
the system. Although the head has not been accurately
determined, this is not necessary as the test is only
being used for comparative purposes.

Comparative Efficiencies
DC and AC Systems)

AC Sysiem

DC System

» R
_ IZ/ - S o ey

0.21 ; ”/:/:/

Efficiency

0 100 200 300 400 500 600
' Irradiance (W/m*)

Figure 64: Comparative Efficiency of AC and DC
Systems

The efficiency of the DC system incréases with
irradiance and peaks when the DC-DC converter goes into
straight-through mode. Thereafter the efficiency
decreases slightly because the panel voltage increases
as operation moves away from the peak power point.

The efficiency of the AC system increases steadily and
levels off at around 380 W/Mz. A larger portion of the
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level efficiency would have been observed for either
higher irradiance levels or a higher gear ratio. This is
because operation in the 50 - 80 Hz range, at which the
AC system is most efficient, was not obtained.

9.6. IMPROVEMENTS WITH ARRAY TRACKER

A graph was obtained of irradiance with the array in
a fixed position and with the array facing the sun
directly.

IRRADIANCE VS TIME
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Figure 65: Irradiance with Directional and Fixed
Array

Clearly a tracking device contributes significantly
towards improving the system efficiency and particularly
the motor and inverter efficiencies. With correct
matching the motor would virtually always operate in the
40-80Hz region, where the efficiency of the motor and
inverter is high.
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By using an induction motor system as opposed to a
DC system, significant benefits can be obtained in terms
of cost and reliability. The efficiency of the AC drive
for a 300 Wp system was found to be 67%, which is only
marginally less than that found in DC systems. For the
seven panel system that was developed, the cost saving
of the AC system more than covers the cost of an extra
solar panel. This represents a 15% increase in the
system input power and hence for the same investment the
AC system provides a far better performance.

Based on the performance of the developed system the
following conclusions can be drawn regarding the
induction motor, inverter, microcontroller and array
tracker:

1) The induction motor is a highly suited machine for a

solar water pumping application for the following
reasons:

- The efficiency of the machine is 80% at its
rated output and for a 300Wp system it is
slightly less at 77%. This compares favourably
with the DC motors which are being used
commercially. '

- The cost of the induction motor is significantly
less than that of a DC motor and it is a more
reliable motor. If the trend of lower panel
costs continues, the argument for using a
cheaper motor will become stronger.

- The efficiency of the induction motor decreases
at lower supply frequencies, but this effect can
be reduced by operating the motor above its
rated frequency. This creates a wider frequency
range (45 - 80Hz) over which the motor runs at
maximum efficiency.
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2)

3)

4)

- The efficiency of the motor is optimized by
implementing the derived optimum voltage
frequency curve for the required load torque.

For a 300Wp system, the inverter efficiency proved
to be high at 87%, which 1is adequate for this
application. The motor and inverter combination
therefore yielded an efficiency of 67%, which was
maintained over a frequency range of 45 -80 Hz.

The flexibility in wusing a microcontroller has
proved to be advantageous in the following areas:

- Ssufficient starting torque was obtained by'
pulsing the motor in such a way as to utilize
the energy stored in the DC link capacitors.

- Implementing a variable voltage frequency curve
for different torques has been simple to achieve
with pre-programmed tables.

- A robust control method of optimizing the water
delivery has been obtained by monitoring the
pump speed and panel voltage. The peak power
point. of the panels has been very accurately
tracked using this method.

With the incorporation of an array tracker into the
system, the panel output will improve by approx-
imately 20%. The use of a tracker for medium and
large systems 1is justified because of the high cost
of the panels.
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H ane
...................

Based on the findings and conclusions of this

thesis, the following recommendations are made:

1)

2)

3)

4)

5)

All indications from the test results show that the
system has been adequately developed and that it is
ready for the industrialization phase to make it
into a marketable pfoduct.

The system could be expanded to cover the following
applications range:

- A solar power range from 200 to 1000 Wp. To
cover this range, the inverter capacity would
have to be increased, but this is simple to
achieve by paralleling the MOSFETs. For larger
systems a larger motor would be required as the
rating of the 0.75kW motor would be exceeded.

- The Mono pump range allows for flexibility in
applying the system to various heads. For the
required power range the system can be applied

to heads ranging from 15 - 140m. The pumps are
not designed to operate efficiently for heads
below 15m.

The motor should be matched to the pump so that the
maximum frequency of operation continues up to 80Hz.
This will provide a greater range of operation at a
higher efficiency. ‘

The microprocessor allows for the deVelopment of
self-diagnosis software. With the addition of an
inexpensive LCD display, it will be possible for
untrained personnel to easily maintain the system.

Because the array tracker is a stand alone unit, it
can be marketed separately for use in solar
applications such as water pumping and battery

charging.



REFERENCES

1: C.J.Weinberg, R.H.Williams: Energy from the Sun,
Scientific American, Volume 263, Number 3, September
1990, pl101.

2: K.Zweibel, P.Hersch: Basic Photovoltaic Principles
and Methods, Van Nostrand Reinhold, New York, 1984, pp
6-9.

3: D.J.Sinclair: A Review of International and Local
Developments .in Photovoltaic Technology and Economics
for Developing Areas, 1989, p 39.

4: M.J.Kamper: Photovoltaic Powered Water Pumps: A
Feasibility Study, 1990, pS5.

5: D.J.Sinclair: A Review of International and Local
Developments in Photovoltaic Technology and Economics
for Developing Areas, 1989, p 54.

6: R.Falzone: CSIRIS World Weekly, New Solar Device
Using Silicon Technology Unveiled, March 19, 1992, pl.

7: N.W.Patapoff: Advanced Solar Energy Research May
Yield Breakthrough, Research Newsletter, Southern
California Edison, Vol. 20, No. 2, pp 1-4.

8: M.J.Kamper: Photovoltaic Powered Water Pumps: ‘A
Feasibility Study, 1990, pp 5-7.

9: C.J.Weinberg, R.H.Williams: Energy from the Sun,
Scientific American, Volume 263, Number 3, September
1990, pl02

10: D.J.Sinclair: A Review of International and Local
Developments in Photovoltaic Technology and Economics
for Developing Areas, 1989, pp 74-77.

11: R.G.Gosnell: Photovoltaic Water Pumping: A Case

Study in Kwazulu, ERI, University of Cape Town, 1991, pp
51-52.



12: R.G.Gosnell: Photovoltaic Water Pumping: A Case
Study in Kwazulu, ERI, University of Cape Town, 1991,
p9. '

13: F.Lasnier, T.G.Ang, K.S.Lwin: Solar Photovoltaic
Handbook, 1st Edition, Thailand, 1988, pp 53-69.

14: K.Zweibel, P.Hersch: Basic Photovoltaic Principles
and Methods, Van Nostrand Reinhold, New York, 1984, p
196.

15: P.D. van den Heever, J.H.R.Enslin: Preliminary
Results of Comparative Tests Between a High-Efficiency
Solar Panel/Wind Turbine Converter with Maximal Power
Control and a Normal Regulator, p7.

16: F.Lasnier, T.G.Ang, K.S.Lwin: Solar Photovoltaic
Handbook, 1st Edition, Thailand, 1988, pil51.

17: F.Lasnier, T.G.Ang, K.S.Lwin: Solar Photovoltaic
Handbook, 1st Edition, Thailand, 1988, p71.

18: R.G.Gosnell: Photovoltaic Water Pumping: A Case
Study in Kwazulu, ERI, University of Cape Town, 1991,
pss.

19: R.G.Gosnell: The Efficiency and Cost Effectiveness
of the BP Submersible (Solar Jack) Photovoltaic Pump,

Energy for Development Research Center, UCT, August
1991, pils.

20: M.J.Kamper: Photovoltaic Powered Water Pumps: A
Feasibility Study, 1990, pp 7-8.

- 21: Space and New Technologies, AEG

22: P.Fraenkel: Water Pumping devices, Intermediate
Technology Publications, London 1986, pp 40,53.

23: R.G.Gosnell: Photovoltaic Water Pumping: A Case
Study in Kwazulu, ERI, University of Cape Town, 1991,
pl39.



24: R.G.Gosnell: Photovoltaic Water Pumping: A Case
Study in Kwazulu, ERI, University of Cape Town, 1991, p

25: International Rectifier: HEXFET Designer’s Manual,
4th Ed., California 1987, p I-29.

26: International Rectifier: HEXFET Designer’s Manual,
4th Ed., California 1987, p I-74.

27: Mohan, Undeland, Robbins: Power Electronics: Con-
verters, Applications and Design, Singapore 1989, p566.

28: Thomson Semiconductor Division: The Power Transistor
in Its Environment, 1978, pl92. '

29: P.D.van den Heever, J.H.R.Enslin: Preliminary
Results of Comparative Tests Between a High Efficiency
Solar Panel/Wind Turbine Converter with Maximal Power
control and a Normal Regulator, University of Pretoria,
p6.

30: Bosterling W, Keuter W, Tscharn M: To Control IGBT
Modules: Characteristics~Electronics-Drives; AEG
Technical Information, 1990, pl3.

31: S.R.Bowes, R.R.Clements: Computer-Aided Design of
PWM Inverter Systems; IEEE PROC, Vol 129, January 1982,

pl.

32: P.N.Enjeti, P.D.Ziogas, J.F.Lindsay: Programmed PWM
Techniques to Eliminate Harmonics: A Critical
Evaluation; IEEE trans on Industry, Vol 26, No 2, March
1990, p302.

33: A.Zuckerberger, A.Alexandrovitz: Determination of
Commutation Sequence with a View to Eliminating
Harmonics in Microprocessor-Controlled PWM Voltage
Inverter; IEEE Transactions on Industrial Electronics,
Vol IE-33, No 3, August 1986, pp 262-270.



34: F.S.van der Merwe, N.C.Enslin: Extract from Elec-
trical Machines and Their Applications, University of
Stellenbosch, p1l45.

35: I.Miki, K.Matsuse, S.Nishiyama, A.Nassirharand: A
Method of Determining Equivalent Circuit Parameters of
an Induction Motor Fed from Various Inverters; Electric
Energy Conference, Adelaide 1987, p416.

36: I.Miki, K.Matsuse, S.Nishiyama, A.Nassirharand: A
Method of Determining Equivalent Circuit Parameters of
an Induction Motor Fed from Various Inverters; Electric
Energy Conference, Adelaide 1987, p413.

37: J.F.Gieras: Computation of " Power losses of an
Inverter-Fed Double Cage Induction Motor; 6th
Mediteranean Electrotechnical Conference, 1991; IEEE
Proceedings, Vol II, pl298.

38: P.L.Alger: Induction Machines, Their Behaviour and
Uses; New York,1970; p4l7.

39: I.Miki, K.Matsuse, S.Nishiyama, A.Nassirharand: A
Method of Determining Equivalent Circuit Parameters of
an Induction Motor Fed from Various Inverters; Electric
Energy Conference, Adelaide 1987, p413.

40: T.Kataoka, Y.Kandatsu, T.Akasaka: Measurement of
Equivalent Circuit Parameters of Inverter Fed Induction
Motors; IEEE transactions, 1987, p3015.

41: I.Miki, K.Matsuse, S.Nishiyama, A.Nassirharand: 2a
Method of Determining Equivalent Circuit Parameters of
an Induction Motor Fed from Various Inverters; Electric
Energy Conference, Adelaide 1987, p414. '

42: TI.Miki, K.Matsuse, S.Nishiyama, A.Nassirharand: A
Method of Determining Equivalent Circuit Parameters of
an Induction Motor Fed from Various Inverters; Electric
Energy Conference, Adelaide 1987, p4l.



43: Hexfet Power Mosfet Designers Manual, International
Rectifier; 1987; pI-144.

44: F.Lasnier, T.G.Ang,  K.S.Lwin, T.Hemasuk:
Photovoltaic Tests and Instrumentation: Pumping System,
1st Edition, Asian Institute of Technology, Thailand,
1988, p23.

45: J.J.Schoeman, J.D.van Wyk; A Simplified Maximal
Power Controller for Terrestrial Photovoltaic Panel
Arrays; IEEE Power Electronics Specialists Conference,
June 1982; PESC ’82 Record, pp 361-367.



APPENDICES

CONTENTS

COMPONENT CHARACTERISTICS

1.1 Electronic Components

1.2 Pump Characteristics

1.3 Solar Characteristics

1.4 Inverter Loss Calculation

PHOTOVOLTAIC TECHNOLOGY WITH IMPURE SILICON

FEASIBILITY OF USING INDUCTION MOTOR FOR SOLAR
APPLICATION

MOTOR PERFORMANCE
4.1 Experimental Motor Characterization Curves
4.2 Predicted Motor Performance
4.3 Calculation of Motor Parameters

DESIGN OF SYSTEM COMPONENTS
5.1 Inverter Circuit

5.2 Microcontroller Circuit
5.3 DC-DC Converter Circuit
5.4 Array Tracking Circuit

OPERATION OF 8031 MICROCONTROLLER

PROGRAM LISTING ’
7.1 Microcontroller Program Listing
7.2 PWM ratios

HARMONIC CONTENT OF PWM WAVEFORMS



’

APPENDIX 1: COMPONENT CHARACTERISTICS




INTERNATIONAL RECTIFIER

IR

REPETITIVE AVALANCHE AND dv/dt RATED*

HEXFET°TRANSISTORS IRFP250

o IRFP251
. N-CHANNEL IRFP252

s IRFP253

200 Volt, 0.085 Ohm HEXFET Product Summary

T0-247AC (T O-::P)| Pla‘stlz:h Pc:t:kt:gel _— Part Number | BVDSS| RoS(n) o

. HEXFET?® techno is.tha key 10 Intern.

;lheglilier's advanced lin:>g oyl power MOSFET trln;i:(ors. {RFP250 200V 0.0850 33A

. Hiciant geometry and unique processing of this latest

’ps?a?e Iglolhg An" rdyoslgn achleves: very low on-state IRFP251 150V | 0.0850 33A

resistance combined wjlh high transconductance; ‘slypenm 1AFP252 200V 0.1200 27A

reverse energy and diode racovery dvidt capability. IRFP253 150V 01200 27n

The HEXFET uransistors also feature afi of the well Features:

established advantages of MOSFETa such as voltage
control, very fast switching, ease of paralleling and
temperature siability of the electrical parametars.

They are well suited for applications such as switching
power supplies, motor controls, inverters, choppers, audio
amplifiers and high energy puise circuits.

M isolated Central Mounting Hole
B Repetitive Avalanche Ratings
H Oynamic dv/dt Rating

B Simple Drive Requirements

M Ease of Paralleling

National
Semiconductor

DS0026/DS0056 5 MHz Two Phase MOS Clock Drivers

General Description

DS50026/DS0056 are low cost monolithic high speed two
phase MOS clock drivers and interface circuits. Unique cir-
cuit design provides both very high speed operation and the
ability to drive large capacitive loads. The device accepts
standard TTL outputs and converts them to MOS logic lav-
ols. They may be driven trom standard 54/74 series and

+ 545/74S series gates and flip-flops or {rom drivers such as

the DS8830 or DM7440. The DS0026 and DS0056 are in-
tended for applications In which the output pulse width is
loglcally controlled; i.e., the output pulse width Is equat to
the input pulse width,

The DS0026/DS0056 are deslgned to fulfill a wide variety of
MOS interface requirements. As a MOS clock driver for long
sllicon-gate shit registers, a single device can drive over
10k bits at 5§ MHz. Six devices provide Input address and
precharge drive for a 8k by 18-bit 1103 RAM memory sys-
tem. Information on the comect usage of the DS0026 In
these as well as other systemas s Included in the application
nota AN-76,

The DS0026 and DS0058 are ldentical except gach driver in
the DS0056 is provided with a Vgg connection to supply a
higher voltage to the output stage. This aids In pulling up the

output when it is in the high stale. An external resisior tieg
between these extra pins and a supply higher than v+ wili
cause the outputto pull up to (V* ~ 0.1V) in the off slatg
For DS0056 applications, it is required that an exiernal re.
sistor be used to prevenl damage 10 the device when the
driver switches low. A typical Vgg connaection is shown on
the next page.

These devices are available in 8-1aad TO-5, one watt copper
taad irame 8-pin mini-DIP, and one and a half watt ceramic
DIP, and TO-8 packages.

Features

@ Fast rise and fall times—20 ns 1000 pF toad

& High output swing—20V

& High output current drive—+ 1.5 amps

8 TTL compatible Inputs

B High rep rate~-5 to 10 MHz depending on power dissi.
pation

& Low power consumption In MOS “0" gtate—2 mw

Orives to 0.4V of GND for RAM address drive

CASE STYLE AND DIMENSIONS

15.90 (0.626)

PHOTODARLINGTON OPTOCOUPLERS - I

4N32
4N33

FEATURES & APPLICATIONS

High isolation resistance — 10" 2

High dislectric strength, input 1o outpus
2500 V RMS - 1 minute

® Low coupling capacitance ~ 1.0 pF

® Convenient packsge — plastic dual-in-line
# {onglitetime, solid state retiability
® Low weight ~ 0.4 gramsy
& UL recognited ~ Fite E50151

10%
@ 3
¥
|
2
— 107 b
& " o
{ - 7
Z
z 71909 2¥
22
8 '/1 -25°C
ﬂ 10 ‘/ Sy
L s ," ]
¥ 1
$ .
%3 0.5 1.0 1.5 2.0 2.

Vgp SOURCE-TO-ORAIN VOLTAGE (VOLTS!

DESCRIPTION
The 4N32 and 4N33 have a gatiium

arsenide infrared emitter optically coupled

to 8 silicon pfanar photo- darlington.

AN0DE[1] [6]sase
CcATH[] J‘B col
[3] [¢emiy.
c2084

Equivalent Circuit

SINANOJHOD DINOUISTTH

T°T XIQNadav



D(C/DC
Converters
800 Series s v

@ MOTOROLA

TL494

SWITCHMODE

PULSE WIDTH MODULATION

CONTROL CIRCUITS

The TL494 is a lixed frequency, pulse width modulation control
citcuit designed primarily lor Switchmode power supply conlrol.

This device features:

* Complete Pulse Width Modu!ation Conirol Circuitry

On-Chip Error Amplifiers
On-Chip 5 Volt Reference
Adjustable Dead-Time Control

Sink '

Undervoltage Lockout

On-Chip Oscillator With Master Or Slave Operation

Uncommitted Output Transistors Rated to 500 mA Source Or

Output Control For Push-Pull Or Single-Ended Operation

MODEL INPUT OUTPUT OUTPUT INPUT CURRENT
NUMBERS VOLTAGE VOLTAGE CURRENT NO LOAD | FULL LOAD|

801 UMSO1 5 VDC 5 VDC 2000 mA| 60 mA 3340 mA
803 UM502 5 VDC 12 VvDC 940mA| 80 mA 3500MA
804 UMS03 5 VDC 15 VDC 800mA| 100mA | 3670 mA
851 UMS04 5 VDC +12 VDC +525 mA| 130 mA 3840 mA
852 UMS05 5VDC +15 VDC $412mA| 180 mA | 3780 mA
811 UMS06 12 VOC 5VDC 2000 mA| 30 mA 1400 mA
813 UMS507 12 VDC 12 VvDC 940 mA| 40 mA 1450 mA
814 UMSO08 12 VDC 16 VDC 800MA| S0mA 1540 mA
861 UMS09 12 VDC +12 VDC +525 mA| 80 mA 1600 mA
862 UMS510 12 VDC +15 VDC +412mA[ 90 mA 1570 mA
821 UMS511 24 VDC 5 VDC 2000mA| 20mA | 700mA
823 UMS512 24 VDC 12 VDC 940 mA| 25 mA 700 mA
824 UMS513 24 VDC 15 VDC 800mA| 25mA 730 mA
871 UMS514 24 VDC +12 VOC +525mA| 50 mA 780 mA
872 UMS15 24 VDC +15 VDC t412mA| SOmA 760 mA
831 UMS516 28 VDC 5 VDC 2000mA| 20 mA 600 mA
833 UM517 28 VDC 12 VDC 940mA| 25mA 590 mA
834 UMS18 28 VDC 15 VDC 800 mA| 30 mA 620 mA
881 UM519 28 VOC +12 VDC +525 mA| 50 mA 650 mA
882 UMS520 28 VOC +15 VDC $412mA| 50 mA 650 mA
841 UMS521 48 VDC 5VDC 2000 mA | “20 mA 350 mA
843 UM522 48 VDC 12 vOC 940 mA| 25mA 350 mA
844 UMS23 48 VDC 15 VvDC 800mA| 25mA 360 mA
891 UM524 48 VDC +12 VDC $525MA| 30 mA 390 mA
892 UMS525 48 VDC +15 VDC +412mA| 40 mA 380 mA

Non tav [T - Ta [Hen ey
mp..-l nput
€Ereor ' €rror
ame amp 3
nv Ny
n o
vee "
Compen’
reia CompE Z‘j"nss
inpus
v
Desa ~o! o
T ot
™ E'—'l ' onteor
Control
Cy | s n'vcc
Owutator
Ay | 6 4 " Icz
k{
Gluunﬂ‘ H mln
at
cifa ® ]n

1100 view)

The TL494C s specilisd over the cammercial opurating rsnge
of 0°C 10 70°C. The TL494I is specilied over the industrial range
of ~25°C 10 B5°C. The TL494M is specitied over the full military

renge of - 55°C to 125°C.

PULSE WIDTH MODULATION

SWITCHMODE

CONTROL CIRCUITS

SILICON MONOLITHIC
INTEGRATED CIRCUITS

W VFTLEE

4 SUFFIX
CERAMIC PACKAGE
CASE 620-10

{

f

N SUFFIX
HLASTIC PACKAGE
CASE 648-06

TLAGAIN

ORDERING INFORMATION

25 10 +85°C | Plasuc DIP

Tt494MJ

Pachage

@ to + 20C Curami OiF

25710 +85C {Caramic DiP
95 16 + 125°C | Ceramic OP




SOLAR TYPICAL AVERAGE PERFORMANCE PUMP $12€E SoLaR TYPICAL AVERAGE PERFORMANCE PUMP SIZE
oxn ‘ S2M SOMKIAG TIPIESE - > S pomt Gnoorie S IM
SONKRAG TIPIESE  GEMIDDELDE POMPPRESTASIE |POMP GROOTTE -SC GEMIDDELDE POMPPRESTASIE 00TTE 7
T - - MAX HEAD 150m MAKS HOOGTE
MAX HERO o K e MAX SPEED 000 r/rvin MAKS SPOED
hinx SPEED 2 PE  1IMmMSTANGE TOT OF 150 LOmnCOLUMN - DJmm SHAIFT UP TO 150m £0mm PYPE  13mvnSTANGE TOT OP 150m
LOmmCOLUMN  13mm SHAF T UP TO 150 m LOmm P e 10T 0F e : 50umm COLUMN  1Gmm SHAE T UP 10 150m 50mm PYPLE  16mmSTANGE TOT 0P 150m
mm COLUMN mm SHak T uP 10 . m om PYPE nT\m s 1oy op ‘_)Om MOROS TIOMM DI?.CHARGL: HEAD UP 10 150m MONDSTIOOM  ONTSLAGKOP TOT OP 159m
MONOSTROOHM 0[§CHAR(_;§ HEAD u:: :o S0 MOMOSTHOOM grrjr’st/\cxop oo : 0I5CHARGE 1HEAD UP 10 n ONTSLAGKOP 10T O m
MINI‘:JEHA?X:}’I"]::(;\DTUORO?JE " JMm  MINIMUM ORAAIMOMENT MINIMUM STAHTING  TOROUE. G Man  MINIMUM ORAAIMOMIENT
S . KT 3 . .
SPE .
<IC 7}
{r/n -..| SPEED
6 SPOED
1200 Aeseniant
5 :
- — "= 1000
£ = )
= = FA B
E c
b (=]
Lz we g { 800
&l :‘—J g w
w
B Ea 2
23 &2
> = i 1 600
0
¢ 1000
= = 3 800
D
« a2 2 600
ws £z
Sa &x 4
-3 &g
0
100
60
£ £ 60
OZ o= - 1000
wy S¥ oo
ag o pred
u. Z wz 20
ww u W
wa . w.a
L}
0 20 L0 60 0 20 [%] 60 80 100 120 140 .
METRE HEAD im) ME TERHOOGTE , METRE HEAD {m) ME TERHOOGTE
ISSUE  09/89 PAGE NO: 1SSUE 09/89 PAGE NO:
. IVO\JO PUMPS TA4 8-i ' MONO PUMPS TA4,8-4<
]




o TYPICAL AVERAGE PERFORMANCE P o S 6L SOLAR TV PICH. AVERAGE PLRFORMANCE PP SIZE g
SONIGIAG TIPIESE  GEMIDDELDE POMPPRESTASIE |POM? CRODTTE s G TIPIESE  GEMIDDELDE POMPPRESTASIC |POMP GROOTTE
T TEAD Tam 1'4/"\\“% ‘S"?ggé‘i MAX HEAD 7 MAKS HOOGTE
1y SPEED 1500 r/imn e STANGE TOT OP - MAY SPEED 1500 an MAKS SPOED
L0 COLUKN  1Imm SHAF T UP 1O 7Sm LOmm PYPL A3 ot op o LOmmCOLUMN 13 SHAE T Ul 10 7Sm 0 mm PYPE  130mSTANGE TOT 0P 7Sm
mm COLUMN mnSHAFT UP 10 oo PYPE ‘“".‘S‘ANC'E, TOT or 7Em mrn COLUMN mmSHAFT yP 10 wn PYPE  mmSIANGE 10T OP -
HOHOSTROOM OISCHARGE MIEAD UP [0 75m  MOMNOSTIODM  ONTSLAGKOR TOT OB 75m MHOSTIOWA DISCHARGE HEAD UP 1O 7Sm  MOMISTRIOM ONTSLAGKOP 10T OP  75m
DIZCHARGE HEAD W 10 ONTSLAGKOP ¢ m DISCHARGE 1HEAD UF 70 ONTSLAGKOP 101 OF
MIMIMUM  STARTIHG  TOROUE 5.5 M. MINIMUM DRAATMOMENT MINIMUM  STARTING  TOROUE 45 N, MINIMUM ORAAIMOMEN]
ol A SPECD
A R3]
SPEE: i
o SPOE: Ly Zmn)
{rsmir 3 )
- AN
5 1100
£ - .
- = . : : i .
£ % 2 i : ) T i 000
o 1000 £ UL WU U U P OV O N T I O UV OO WA YOO U VO O O .
u)(:: 3 o
- (ST 8
< =X
% S T .
o 3 -
| 600 g
E 00 LR
2 2
= 15 1200
3 e -
ooy 1000 = '
ez - o[-l e
$E 600 wE b
Sa Hs =100 5% os
(=] a o R e
o
0 0
100 |:
100 |~
80 | o
o 80 [—1-
'\: 60 }6(0)0 _ JORN TOOR JETUN DR NS D
- : ° 1
- a £ 60
(%34 >
2] L0 Q=
w . Zz
éé 600 E‘; L0
w =z : 29 -
wi 20 |= LZ  og
wa \J wur
! i > : =300 e p
0 25 S0 LTS ;
. : 0 25 50 75
METRE KEAD Im) METERHOOGTE ME TRE HEAQ Im) ME TERHOOGTE
1SSUE  09/89 PAGE NO: 1SSUE  09/89 PAGE NO:
MONO PUMPS TA4.8-3 MONO PUMPS TA4.8- 2




PULP S1AE

SOLAR TYPICAL AVERAGE PEIRFORMANCE 12t
SONKIAG TIPIESE  GEMIDDELDE  POMPPRESTASIE |POMP GROOTTE -
AY HEAD 7%m MAKS HOOGTE
A, SPELD n0dr/in MAKS SPOLD
S50 mmCOLUMN - 1GmmSHAFT UP 70 7%m SOnvn PYPE  16nmSTANGE 10T O 75m
men COLUMN i SHAR Ty 10 m win P2 124 mmSTANGE 10T OP m
LOMOCTIROOM DISCHARGE HEAD UP 10 750 MONOSTROOM  ONTSLAGKOR TO] Oi_’ 75m
DINCHARGE HEAD UP 10 n ,{, ONTSLAGKOI? TOT O°P in
MEHTMUR STARTING  TOROUE W0 M, AINIMUM  DRAATMOMENT

e,

r

SPCE
<POE

{e/trm

600

00

1000

0800

— 600
= L 00

TYPICAL AVERAGE PERFORMANCE

WINDHILL PUMP StZE W30L
WIMDMEUL TIPIESE  GEtIDDELDE POMPPRESTASIE |POMP GROOTTE
MAX HEAD 75 m MAKS 1H00GTE
MAX SPEED 1500 r/0un MAKS SPOED
80mmCOLUMN 22 mmSHAFT UP TO 75 m 80am PYPE 22 iynSTANGE TOT CP 75
men COLUMN mm SHAFT UP 10 m o PYPE mmSTANGE TOT CP n
MONOME L STER DISCHARGE HEAD UP 10 75 m 14ONOMEE STER ONTSLAGKOP TOT 0P 75 m
DISCHARGE HMEAD uP 70 n ONTSLAGKOP 10T OP 0
MINIMUM  STARTING  TORQUE 25 . MINUHUM ORAATMOMENT

i

t
H
!

0

100

80
= . 1000
=60 =< 000
0% < 600
S
U 20 00
[UIN4Y I PO PPN
Y =

0 25 an 75

HMETRE HEAD {m] ME TERKOOGTE
15SuC 09/89 PAGE 1:0:

MONO PUMPS

The . 8-5

iSSul 11/85

MONO PUMPS

PAGE RO:

TA4 . 8-7

i Ml i : R—
Il I i e
30 ! a;'ii it il 1 (r/nnin)l!
ey i i I B
25 il T o itz i
;‘hlil | if“ i iL‘ 1300 ;
T 7 - i '
20 Bl it I = 100 |
— RS 1 H 111
£ il G D i
ORI i il il T 50
° il ¢ njn i 700
a. 10 peme H il Sk
’EZ l”! ] ' *I,_ i :I
a il | il : 500
5 * Il i
@5, i G
il } I
i
it
! 1
10 il
i 8
® i I i 1500
= 6| 1300
= il 100
S ¢ il 900
w e | 1] «L_.T- 700
g - : il
grr. 2 [t £
[»} fl T l
o LHIHIER
i
il il
i
80
g 60 'JHN'W }
> - |
! |
Eg Lok
) 1 s H
C2 g0 ] - 75
bevl3 25 50
ISSUE N® 1 Q
ME TRE HEAD (m) ME TERHOOGTE DATE 25110185 CURVE N2 €259




r
1'PANEL (a7Wp) TESTED @o 900 wWits? 2 PANEL (9awp) TESTED @ 900 Wim’
TOTAL HEAD FLOW RATE i C:g;(EJSI 10taL MEAD f: FLOw RATE C:gf"l?:t
FEET METERS GPri- A ; AHAPS i LMETERS ! v (-;'r-hunw'f— ::4—.— s
s s 60 1 Lo s -'_ﬁ:?__.f_ e w1 Ve
2; ? 6 3 5.4 - 204 i . V2 25 76 ! 108 I 409 20
T s 152 5 182 l 13 50 152 i 99 s 22
T ' 228 39 S o f 195 ” 228 90 s ] 25
100 . 30 3 ’ 125 21 100 304 81 307 29
T s TR 30 1 t 25 125 38 5 28¢ 30
T so ! 57 27 02 ; 275 150 5.7 66 2%0 31
T s $3.3 24 91 to292 175 53.3 57 216 3.8
- ;oo ’ —!- 6;; 2‘! T 79 305 200 60.9 a5 170 32
25 W@ i3 2 | Tz 22 [ s aw s p A
BATTERY (12V) i BATTERY (24V)
. T0TAL neAq FLOW RATE :C:g;cE):T TOTAL HEAD FLOW RATE c:?\:\g:r
FEETY METERS GPH LPH AMPS FEET METERS (1] PR AMPS
1 15 48 182 ] H 1.5 102 86 1.2
I -7.6“. | —A—Sv T RRE ) 25 i 7:6_ T s Ad " e T :.7‘ |
’ .s; - 15.2 ’ 3% T e ‘ Vs - 50 \S-J- T "5 [ [ 20
7 22.8 | Loy 75 228 8s 322 23 |
DGR SR RPRTR AT SRS T g - . S e e
100 0.4 s 132 X wo | 304 '_ 81 | 207 T 2.6
125 381 20 144 ‘ . 2.5 125 8." 14 284 2.0
[ [T om L e e | e ] oer ] 2
175 53.3 2¢ 91 130 178 533 66 3.2
200 60.9 8 1] x ER] 200 60.9 &0 227 225
b [ e e r. .- = 4 ———e e R T O R 4 -
225 66.6 13 50 P32 225 F 68.6 55 208 33

0w U3, OALONS PLA FOUR

B A0 LIRS LR NOUR

-

FON LOAE INFOAMATION AND TO OADEA, CONTACT:
e

nLasE mOTL:

1) SRS QUTPUTE AO LOTOR CURRENTS waT VARY
) PUMIPE AUR D BOLAR PANELS SMOND UL & CURtER?
SOOSTLA IYPE CONTALER

OTTO SOLAR

RBW e

PHOTOVOLTAIC SOLAR PANELS

WINDCHARGERS
P.O. BOX 278 BATTERIES 8§ LIGHTS
UPINGTON INVERTERS
2000 PUMPS & FILTERS
'm_(oslfuu OC MOTORS & SOLAR MEATING
STEENKAMPSPAN AND INTERRELATED PRODUCTS

i
———
——— i
'
— 1

THE REVOLUTIONARY NEW
D.C. SOLAR SUBMERSIBLE PUMP,
A UNIQUE SUBSTITUTE FOR

| A WINDMILL




: _ — ——— QRUNDFOS' soLar puMPING SYSTEMS PUMP TYPE SP 4
QRUNDFOS' soLar pumping sysTEms PUMP TYPE SP 8-4 o ~
— SYSTEM PERFORMANCE:

SYSTEM PERFORMANCE: . Water capacity in m®/day as a function of irradiation (*¥"/m?ay) and head (m).
Water capacity in m% day as a function of irradiation (***/miaay) and head (m). : '

,:;,,., SYSTEM: 8P 4.8/14.6 (360 pW) miany BYSTEM: 5P 4.8/21-3 (940 pW)
. 0
m3¥aey BYSTEM: §9 B-4/14-3 (560 pW) m37oay BYSTEM: SP 8-4/21.5 (840 pW) 4 -1 ° b i
100 100 R - / m
T o T “l- 4
00 ™ M.u:t e T11" 4 d
hoad /
4= = - ped . 40 © 20 m
- 8m . ] ie —fd
* * i 35 // . 1/ / ]
- a4 - 1 4 L
Metres : g LA - P d L300 I / 26 m
70 head -0 A Hm 74 - // -1y A
s P 304 v . 30 . /‘... JIO TN D QU N
50 A 6m 4 / N / / i S - Pa -
f 00 d 4 14 4 z L 4 220 m 25 P AT A FRm
/l ] & Z’, 4 /I
8o Ve 80 7’ LA { ’ A /; Liom
"m 20 I8 m <« o e e,
4 L o’ o1 y Yy
a0 w0 A o 11 d
A a U] y ! T AR dup Lo3gm 18 --1,43
2 ‘el
-~ 4 Tom b p2m, / P el A.
30 7 4 At 30 ya a9%= L 3sm d
y & 11 10 ] <4 - n .
4 ¥ Lrm P 34 [ - -
@ P4 i , 20 & 5 A4 ) . .
P < — 2m rd .
10 - = 10 A T
. o WL o t4
[ 40 60| 60 70 80 00 100xwWn/m?0ay [} 40 50 60 7O 80 DO 100AWHm' .
] o ¥ -
o 40 80 ¢ 60 1.0 80 0.0 10.0kWn/m? oay ] 40 80 | 60 To 8o 9.0 100 kwa/m? day Tolal numbaer of modutes: 14 Total nuenber of modulas: 2t
: Modules In aarlea In 0ne row: 7 MOQuies In 30180 In 0N rOw: 7
Total number of moduloe: 14 Total number of modulos: 21 Mumbor of rowa [n paralisl: 2 Numbar ¢f rows In paratiol: 3
Modules in serloa In 000 row: 7 Modutes In sarles in ons iow: 7
Number of rows In parallol; 2 * Number of rows In paraiiel: 3
. , m¥day SYBYEM: 8P 4-8/20-5 {1120 pW) m¥day SYBTEM: 6P 4-8/35.5 (1400
100 100
mbidey 8YSTEM: SP 8-4/28-4 (1120 pW) m3roey BYSTEM: 8P 8-4/35-4 (1400 pW)
100 M 200 7]
p 6m | Metras - [14] 20
P hess 7
W 100
pd 80 80
1/ . IB;) . . 4 Metrea
L {4m d nead
4 70 Metres i V.9
/ Ve »d
o 140 t—1 - P Iom
. Matres 60 10m 80 ,‘/ e
/1 1A ' heed -t 18m nd A Tl
00 L 120 + A L 2
rim 80 . 20m Z, e 23 m
YT 17 prom % pdP - -
. A} e t1en
100 o ad /—2 L %
/ P daP e 0 < «w© L ®m
/ T | 30 m pLP -
40 80 b S 3 < mit A V P~ d
1 ] P m y
. 3 30 v4pd
. 4 / / Pa . 4/ . .
30 Y17 Led > A P 4
.t 20 v 20
4 Y palV.
20 40 e
0 10
10 T 20 N
A o 4
" . . L] 40 80 88 10 60 90 {100MWA/mldey o 46 80 80 10 80 80 10owwnmlas.
o
° v 0 60f 00 10 80 90 100KWNmtoay o €0 60 160 70 806 90 100wwa/m’day Total number of modutes: 28 > Total number of modules 18
Total numbar o modutes: 28 Total number of modules: 38 Modules In sarlas In one row: 7 Modules in sorios in one F5w: 7
uml ules: - 1 I Itol: 4 Numbor of rows in flet,
Modules In anttes in one row:7 Modules in sertes In one row. 7 Numpor of rows [n paralte et e inparatiet. §
Number of rows in paralior: 4 Number of rows in parallel: 8 - —_—— e e e e ————
——e Peme——— The poriormanca curves Arg based on the condiflons: *
. . AMBIENT TEMPRRATURE : 30°C gveraQo. 35°C max., 20°C min,
MNe parformanoe curves ars ba9aad on tha conditions: . OUTPUT VOLTAQE : 101.6 VOC
WBIENT TEMPERATURE 1 30°C average, 36°C nax,, 20°C min, : . .

JUTPUT VOLTAGE : 101.8v0DC. . .
M EX 5000 0. v



AP DIX 1.3: SO ERISTICS

SIEMENS

SPECIFICATIONS

MODEL MODEL MODEL MODEL MODEL MODEL MODEL

M55 M45 M75 M40 M65 M35 M20
ELECTRICAL CHARACTERISTICS:
Max. Power, Watts 53 Wp 48Wp 48Wp  40Wp 43 Wp 37 Wp 22 Wp
Open Circuit Voltage (Voc) 21.7 21.6 19.8 19.5 18.0 18.0 18.0
Short Circuit Current (isc) . 3.35 3.2 3.35 3.0 3.32 3.0 1.68
Voltage at Load ' 17.4 17.3 15.9 15.7 146 145 14.5
Amperage at Load 3.05 2.78 3.02 2.55 2.95 2.56 1.52

NOTES: 1. Rated electrical characteristics are within 10% of measured values at Standard Test Conditions of:
1000 W/m?, 25°C cell temperature and solar spectral irradiance per ASTM E 892,

2. Under normal conditions, a photovoitaic module may experience conditions that produce more current
and/or voltage than reported at standard test conditions. Accordingly, the values of Isc and Voc marked
on UL Listed modules should be multiplied by a factor of 1.25 when determining component voltage
ratings, conductor capacities, fuse sizes, and size of controls connected to the module output. Refer o
Section 6390-8 of the National Electric Code for an additional multiplying factor of 1.25 which may be
applicable. , : ‘

PHYSICAL CHARACTERISTICS: |
No. Cells in Series 36 36 33 33 30 30 30

Cell Size [ R 405" (1028 mMmM) SqQ. . ........c0o.... 1/2 of
: 4.05" cell
Module -tength: 509" ........... 48" ... ... e 426" ......... 22.4"
(1283 mm) . ...... (1219 mm) ........ (1083 mm) ..... (569 mm)
-Width: ..o 13°(330mMM) ... e
-Depth: ... . o 14" @36mm) ............ P
Weight 126b ......... 116b........... 105b ........ 5.6 Ib
: o (A ) (52Kg) ..., (48kg ....... (2.5 kg)
Mounting Holes: - '
Across Length of Module 498" . .......... 469" ............ 415 ......... 21.3" .
(1265 mm) ...... (1191 mm) ........ (1054 mm) ..... (541 mm)
InnerSet L 253" L e None
.............. B43mm) . ..... .. e
Across the Width of Module ~ .............. 1180 e e .
.............. (2B7mm) ... e
Diameter : e 0,26 o it e e e e
.............. (BBMM) .. e
Wiring Provisibns .............. 2 Junction COVers ... .......o.o..... 18 AWG,
e ain.,. for8t0o14AWG WIrEe ... .. L. 2-conductor
cable
attached
Maximum System ’
Open Circuit Voltage @ ... ... ... 60OV . ... 20V
—Factory Installed Bypass Diodes Yes Yes Yes  Yes Yes Yes No

N sty Sty W




APPLICATION

M55, M45, M75 and M40

The M55 and M45 have 36 cells in
series and are well suited for all
solar electric applications, including
battery charging in hot climates,
direct connection to a DC motor,
and operation with a peak power
tracking controlier.

The M75 and M40, with 33 cells in
series, are designed as battery
charging solar electric modules for
all but the hottest climates where
the extra voltage of the M55 or
M45 may be needed. The M75.
and M40 may also be used for
direct connection in selected DC
motor applications. A regulator is
needed when the M55, M45, M75
or M40 are used to charge a
battery.

M20, M65 and M35

These self-regulating modules are

designed for direct battery
connection. They are intended to
meet the needs of those who
require electrical power for many
applications, particularly lighting,
appliances, and other equipment in
remote homes, or on recreational
vehicles and boats. While the M20
is intended for 12 volt systems
only, the M65 and M35 are rated
for use in high voltage systems.

Each of these modules has 30 cells -

in series. They are self-regulating
when used to charge batteries of
the proper capacity because their
electrical characteristics are an
excellent match to the charging
requirements of a lead acid battery.
For more information, see the
section titled ‘Self Regulation.’.
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General Information

These Siemens Solar Industries
modules utilize high efficiency,
single crystal silicon cells which are
laminated to tempered glass with
EVA. The cells are antireflective
coated for improved efficiency. The
laminated package is supported by -
a metal frame. The wiring method
provided for each module does not
require the use of special cable
assemblies. All the modules are
equipped with junction covers into
which interconnect wiring is
installed, except the M20, which is
equipped for interconnection with a
two-conductor cable.
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APPENDIX 4.2: THEORETICAL MOTOR PERFORMANCE

THEORETICAL FREDICIONS FOR INDUCTION MOTOR

" CIRCUIT PARAMETERS FROM NO-LOAD AND BLOCKED ROTOR TESTS:
.F := 80

Rl := .737 X1 := ©0.003251 2w F J

R2 := .226 + .0055 F ; X2 := (4.598 - .02686 F) .001 2w F J

‘ 1.24 F
RC - '5.585 + . 131 F + l@S F { et neta e -
2
313.44
Xm := .054 2w F ]
;. 005 i:=9,1 ..14 63.5 J :=@,1 ..6
©.e1 55 :
1.015 50
; .02 , V1l := 45
1. 025 49
, .03 : 35
1,035 . 30
S := | .04 :
i .245
| .05
1 .055
. .06
L N
. .e8
.09,
Vi
J
E := V1 - (Rl + X1)
i,Jd J -1
i 1 1 ’
Rl + X1 + | + _
IRc + Xm R2 !
e + X2
i S ;
! i !
Vi - E E E
1j isJ i,.j ’ i’qj
I l . : = I 2 : T em—————— s I e : - P ————
i,J R1 + X1 i,J R2 i,J Rc + Xm
S
i
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WRITEPRN(JEFFIC) := Ef
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APPENDIX 4.3: CALCULATION OF MOTOR PARAMETERS

The motor parameters were obtained from no-load and
blocked rotor tests conducted at frequencies of 25 and
50Hz. The motor is oversized and hence it is necessary
to conduct the no-load test at a voltage which is close
to the expected operating voltage. For an input power of
350W and assuming a motor/inverter efficiency of 0.67,
the output power delivered by the motor is 235W. The
output tersue capability is limited by the flux% which is
proportional to the square of the voltage. In order to
obtain an estimate of the voltage at which to conduct
the no-load test, the flux is assumed to decrease in
proportion to the output power. Hence,

235
2 = 2
Va1l = . 63.5
750
Vp1 = 35.5Viq

At a frequency of 25Hz a square root voltage frequency
curve was followed and thus Vpj5,5 = 25V,

For a torque of 1Nm the current was found to be 2.83,
and this value was used in conducting the blocked rotor
test. The following readings were obtained:

Blocked rotor:

Frequency = S5SQH=z:
Viiay = 11.85v
Tqv = 2.7A RMS
Pin = 27W

Frequency = 25Hz:
Vllav = 7.5v
Igv = 2.7A RMS
Pin 24W

Measured DC stator resistance

No-Load:

Freguency = 50Hz:

VllaV = 60.3Vv
I,y = 1.9A RMS
Pin 33W

Frequency = 25Hz:

Vllav = 43.3Vv

Ioy = 2.75A RMS
Pin = 31W

= Rygy = 1.277



(235+65)
therefore, ' ry —_—

]

_ . Ry/2
235+25

0.737

From blocked rotor test:

rz(so) = 0.5; r2(25) = 0,363
12(50) = 3.521mH: 12(25) = 3.521mH
12(50) = 3.521mH: 12(25) = 3.925mH

The input power curves for the no-load tests are shown
below. The no-load losses consist of friction and
windage losses, iron 1losses and stator resistance
losses.

No-lonad Power Curve

sono_ e
] S0Hz
70.00 E o
. 25Hz
60.00 1
50,003
g .
£ 40.00
5 ;
ESODO:
2000: = *
1 AN s
10.00 1 S
) . b~ CRNPRIS » s
o.oo 3 1 ¥ T LA N | 1 T 1 T v T ¥ 1 L) T ’ ' v T | LI I T 1
0.0 10.0 20.0 30.0 40.0 50.0 60.0
Input Voltage (V1)
From the above graph, Pmech(gsg) = 13 W
| Pmech(p5y = 5.5 W
Piron(ggy = 12.1W

Piron(ss) 8.9W
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CALCULATION OF SNUBBER COMPONENTS

The turn-off snubber network 1s shown below and com-
ponent values for the resistance Rg and capacitance Cg
must be determined. 0

_T"
1S
Figure: Turn-off snubber network

7

At turn-off the principal current flows at first through
the diode Dg and then charges the capacitor Cg. Its
voltage 1is nearly 1identical with the ‘drain-source
voltage Vg4g and increases until the free-wheeling diode
begins to conduct. The dissipation of the energy stored
in Cg takes place in the suppression resistor Rg at the

next turn-on. From an AEG technical information
document3o, the snubber components are recommended as
follows:

(These components were deisigned for IGBT modules,
but the same method can be used for MOSFETs.)

iDM
Cg Z dvgg/dt

_V_cis_; v —Lr min
Rsmin 2> IprRM i  Rsmax € s '
where: ipy = highest value of drain current to be

turned-off

dVgg/dt = rate of rise of voltage at turn-off
Vqg = drain source voltage immediately
prior to turn-on
IprM = maximum permissible repetitive peak

current

tfg min = minimum duration of forward gate-
source voltage

The above -parameters were determined at : the highest
switching frequency and at this frequency the peak current
was measured to be 4A. For a DC voltage of 85v and a rise
‘time of 2ys, the capacitor Cg was found to be 0.098;F. Rgpax

was found to be 1000 ohms for a gate-source transition time
of 400ys.
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APPENDIX 5.3: DC-DC CONVERTER CIBQQ. IT
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APPENDIX 6: OPERATION OF 8031 MICROCONTROLLER



DESCRIPTION OF 8031 ARCHITECTURE

The 8031 is a member of the Intel MCS-51 family. Some of its
features are

- B8-bit CPU optimized for control purposes

-~ Extensive Boolean processing

- 64K Program Memory address space

-~ 64K Data Memory address space

-~ 128 Bytes of on—chip Data RAM

- 32 bidirectional I1/0 Lines

- Two 16-bit timers

- Interrupt structure with two priority levels

1. Memory Organization Structure

Separate space is provided for the Data Memory and the
Program Memory. 16-bit Data Memory addresses are generated
through the DPTR register. Program Memory can only be read,
and this is done by the Program Store Enable (/PSEN) signal.
To access external Data Memory, the /RD and /WR signals are
used. In order to access RAM, the DPTR register is used with
the following two instructions

MOVX A,@DPTR , which moves data from the address
supplied from the DPTR to the Accumulator.

MOVX @DPTR,A , which moves data from the Accumulator
to the address supplied by the DPTR

To access lookup tables in Program memory, two instructions
are available. Since these instructions access only Program
Memory, the Ilookup tables can only be read and not updated.
The instructions are shown below '

MOovC A,@A+DPTR , which reads Program Memory at A+DPTR

MOVC'@A+DPTR,A s which reads Program Memary at A+DPTR

—

‘2. Internal Data Memory .

Internal Data Memory addresses are always one byte wide. The
lowest 32 bytes are grouped into 4 banks of 8 registers.
Program instructions call out these registers as RO through
R7. Twa bits in the Program Status Word select which
register bank is in use. This allows a more efficient use of
code space, as register instructions are shorter than
instructions that use direct addressing.



The next 16 bytes above the register banks faorm a block of
bit—addressable memory space. The 128 bits in this area can
be manipulated by a wide range of instructions which address
the bits directly. The bit addresses in this area are OOH
through 7FH. '

Special Function Registers include the port latches, timers
and peripheral controls. These are only accessed by direct
addressing. '

3. Interrupt Structure

The 8031 provides 5 interrupt sources, 2 external
interrupts, 2 timer interrupts and a serial port interrupt.
What follows is an overview of this interrupt structure.

3.1 Interrupt Enables :

Each of the interrupt sources can be individually enabled or
disabled by setting or clearing a bit 1in the Interrupt
Enable (IE) register. This register also has a global
disable bit, which can be cleared to disable all interrupts
at ance.

3.2 Interrupt Priorities

Each interrupt source can also be individually programmed to
one af two priority levels by setting or clearing a bit in
the Interrupt Priority (IP) register. :

A low-priority interrupt camn - be interrupted by a high-
pricrity interrupt, but not by another low—priority
interrupt. A high priority interrupt cannot be interrupted
by ancther interrupt source.

3.3 Operation of Timers .

When these interrupts are configured as 14-bit Timers, they
count up with twe registers and cause an interrupt when an
overflow occurs. -After they have caused an interrupt, they
continue counting up. When an interrupt 1s received, 1t is
therefaore necessary to reload the registers with the
required values. ' :



APPENDIX 7: PROGRAM LISTING



.

' APPENDIX 7.1: MICROCONTROLLER PROGRAM LISTING
$ DATE(26-09-90) ' ’
$ PAGEWIDTH (100)
$ TITLE(Power Track)

* VARIABLE DEFINITIONS: This section defines
variables which are stored in internal RAM and
are directly addressable. The variables are
either bit or byte addressable.

e We e e wmp ™

FLAG1 BIT . 7FH
FLAG2 BIT 7EH
FLAG3 BIT 7DH
FLAG4 BIT 7CH
FLAGS BIT 7BH
FLAG6 BIT 77H
GEAR BIT 7AH
SWITCH BIT 79H
READY BIT 78H
STRTUP BIT 77H
PSTREF BIT 76H
REBOOT BIT 75H
J .
NEWVAL DATA 2CH
MASK DATA 2BH
TMPCHK DATA 2AH
STDPL DATA 29H
- TOHSET DATA 28H
TOLSET DATA 27H
TMPDPH DATA 26H
TMPVAL DATA 25H
STDPH DATA 24H
VOLTS DATA 23H
SPEED DATA 22H
VREF DATA " 21H ' N
NOLD1 DATA 30H
NOLD2 DATA 31H

* RECEIVING INTERRUPTS: This section directs
the program counter when the controller is
reset. . or a service routine is received

e wme ™o W

ORG 0000H
JMP START
ORG O0O0O3H
JMP INTRPT
ORG 000BH
. JMP TIMERO
ORG 001BH
JMP TIMERI
[4
;* MAIN PROGRAM: The main program is purely
responsible for setting up the status of the
interrupts and initializing variables. \

ORG 0030H
START:

; Initializing Variables:

MOV R3,#020D



MoV

Mov
Mov
Mov
MoV
MOV

CLR

CLR

CLR
CLR

R7,#00H

STDPH, #00H
STDPL, #00H
TMPCHK, #00H
TMOD, #00010001B
VREF, #170D

GEAR
READY
SWITCH
REBOOT

; Interrupt status set:

MOV
MOV

MoV
MOV
MOV
MOV

ORL
ORL

MOV
ORL

NOP

IDLE:
. JMP

~e wms

TH1,#0FFH
TL1, #00H

TLO, #01H
THO, #00H
TOLSET, #0DOH
TOHSET, #0FFH

TCON, #01010001B
IE,#10001011B

MASK, #10000010B

IP,#00000011B

IDLE

iR7 is used as an offset to point to
; the next voltage and frequency. There
; are 108 frequency values over 0 - 80Hz.

;Reference voltage at which
ipanel voltage is initially maintained

;Timer 1 interrupts first so that a table

;can be set up before timer 0
;comes into operation

Timer Control

Interrupts timer 0, timer 1

and interrupt 0 are enabled
This is variable is used later to
create a third priority level
Timer 0 and interrupt 0 are
assigned high priority levels

e N Ne me we W wy

-~ me ™

SERVICE ROUTINE TIMERO

;This service routlne sequentially outputs the
;jelements of the three-phase table that has been
;set up by timer 1

MOV
MOV

14
TIMERO:

THO , TOHSET
TLO, TOLSET

PUSH ACC
PUSH DPL
PUSH DPH

MoV
JNZ

JNB
CLR
MOV
CPL

MoV
MOV
Mov

NbTRAN:

A, STDPL
NOTRAN

READY , NOTRAN
READY
A,STDPH
ACC.0

STDPH, A
DPH, STDPH
DPL, STDPL

MOVX A, @DPTR

MOV

NEWVAL, A

Speed of timer 0 is determined

by variables TOHSET and TOLSET,

each of which is set for the required
frequency in the timer 1 routine

~e wme ™o “wo

If the pointer passes through zero,
it is possible that a change in modes
(above or below 40Hz) could occur.
;Change in modes if bit READY is set

~e we wo wo

;Toggle bit to address different
; table if a change in modes occurs

;Address of new table element
; loaded into DPL and DPH
;New element is read in.



MOV P1,A
NOP ; Wait 15uS before writing out the new value
NOP ’
NOP
NOP
INC DPL ; Update pointer for next element
MOV STDPL, DPL
POP DPH
POP DPL
POP ACC
MOV P1,NEWVAL
RETI

[

; SERVICE ROUTINE INTRPT

;This service routine is used to indicate when

;the ADC has completed its latest conversion.

;A third priority level is created because the

;timer 1 routine is still in progress.

4

INTRPT: PUSH IE
MOV IE,#MASK
CALL LABEL
CLR FLAG2 ;Flag2 is set when the

; interrupt is receeived
POP IE '

: RET
LABEL: RETI

14

H SERVICE ROUTINE TIMERI

;This routine forms the core of the controller
;operation. It sets up a three-phase table in
;RAM for timer 0 to access and it determines the
;speed of timer O.

 TIMERI: DJNZ R6,DELPOW ;R6 determines the sampling
: ; rate of timer 1
MOV R6, #15D ;During start up the sampling rate
‘

is slower than for normal operation
JB STRTUP,GETPOW
MOV R6,#02D

GETPOW: MOV A, #40H ;Address of speed signal
" CALL GETVAL
MOV SPEED,A

MOV A, #20H ;Address of voltage signal
CALL GETVAL '
MOV VOLTS,A

CALL STRTIN ijChecks if start up is necessary
JB STRTUP,BYPASS
CALL CONTR ;Controller routine to determine
; new frequency and voltage
BYPASS: CALL SETVLT ;Uses look-up table to get new voltage
CALL SWOVER ;Checks if a change in modes is required
CALL TABLE ;Creates a table for timer 0 to access
CALL THRSEQ ‘ ;Generates three-phase table in RAM
CALL WAITSW ;Waits for a zero crossing

CALL RESUME ;New frequency is updated
DELPOW: RETI ,

P e — — - —————— - " — . ————— - " —

[}
H ' SUBROUTINE GETVAL
;This subroutine interfaces with the ADC to



;accumulator before the subroutine is called.
;The value that is read in is placed in the accumulator.

GETVAL: SETB FLAG2

MOV DPTR, #0800H ;ADC selected at this address
. MOVX @DPTR, A
WAIT1: NOP
JB FLAGZ2,WAIT1 ;Waits for interrupt to be received

MOV DPTR, #0800H

MOVX A, @DPTR

RET
e
: . SUBROUTINE STRTIN
;Subroutine sets the new frequency during start up

STRTIN: CLR STRTUP
CLR C
MOV A, SPEED
SUBB A, #40D :
JNC ENDLIM ;jcontroller routine if speed
; is above a certain value
MOV A, SPEED
JNZ STLMOV

CALL RESTRT ;Subroutine called if motor has stalled

JMP ENDLIM

STLMOV: CLR REBOOT

ADD A, #04H ;New frequ = Speed + 2 during start up.

CLR ACC.O

MOV R7,A

SETB STRTUP
ENDLIM: RET
!
H SUBROUTINE RESTRT
;Subroutine used if the motor has stalled
;If the speed was zero, try the lowest
;frequency, if it stays zero then
;disable the MOSFETs and the watchdog will
;reboot after a 3 second delay.

RESTRT:

JNB REBOOT,WASZRO '
MOV P1,#0FFH . ;Switches off the MOSFETs
CLR IE.1 ;Disables Timer 0

WASZRO: SETB REBOOT

MOV R7,#00H

SETB STRTUP

RET
H SUBROUTINE CONTR
;This subroutine determines the new operating
;frequency. At the end of the routine, a number
;is left in R7. which indicates the new frequency
;and voltage. The controller maintains the
;panels at a fixed voltage, which is slowly
;adjusted to maximize the speed.

CONTR : MOV A,VOLTS
CLR C
SUBB A,VREF
JC TOFAST

JZ ENDADJ ;No adjustment to the frequency is requirec



TOFAST:

ENDADJ :

SPDINC:
SPDDEC:

DECREF:
INCREF:

UPDATE:

ENDFRQ:

.
[}
.
[}

DEC A

JZ ENDADJ
INC R7

INC R7

JMP ENDADJ

DEC R7
DEC R7

CPL A

CLR C .
SUBB A, #08D
JC ENDADJ
MOV A,R7
SUBB A, #06H
MOV R7,A

DINZ RS, ENDFRQ
MOV RS, #25D
CALL AVESPD

'SUBB A, SPEED

JC SPDINC
JMP SPDDEC

" JB PSTREF, INCREF

JMP DECREF

JB PSTREF,DECREF
JMP INCREF

DEC VREF
CLR PSTREF
JMP UPDATE

INC VREF
SETB PSTREF
JMP UPDATE

MOV NOLD2,NOLD1

MOV NOLD1, SPEED
RET

'SUBROUTINE AVESPD

iThe voltage is too high so
i the frequency is increased

;The voltage is too low and so
i the frequency is lowered

iIf the voltage is significantly less
; than Vref then the frequency
; is decreased 4 times

;After every 25th sample Vref is adjusted.

;The reference voltage is decreased

;The reference voltage .is increased

;This subroutine determines the average Speed of
;the previous two readings, Noldl and Nold2

AVESPD:

-e we

CLR C
MOV A,NOLD1
RR A

CLR ACC.7
MOV B,A

MOV A,NOLD2 -
RR A

CLR ACC.7
ADD A,B

RET

SUBROUTINE SETVLT

;A contains the average speed

;Gets the start address of the new voltage
;table to be accessed
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APPENDIX 7.2: PWM RATIOS FOR TNVERTER CONTROL

TABLE I ,
ELIMINATION OF STH. 7TH. AND 11TH HARMONICS OF THREE-PHASE
INVERTER, SWITCHING ANGLES AND FUNDAMENTAL-WAVE

AMPLITUDES

v,

hax 1 9 *2 *3 K Vaax 1 b} s ] L
Oed1 23e19 3% 96 60.11 7)e9) 060 23,37 22,2% 36623 77,9)
0403 23423 9473 60.22 17,84 061 23,33 M,73 6642 T77.3)
0408 23.29 372459 6033 79,79 062 23437 31.73 66e3? T7,.8)
0eI3% 23437 2343 63,45 .72 Qe64 23433 a3 66.7T ?7,3)
Je06 20449 Y731 63.% 7). 66 0068 23033 Y1.22 66,93 ?7,9)
7¢03 20458 3717 6067 72,59 0e68 23433 W% 67eid T7,91
Jed) AT TI9,33 6leT?? 79,52 0e67 23,2% 57 67632 TTLI2
Gol) 23477 39,39 6370 72,456 0e69 23419 30639 67.51 77623
Oell 23487 23473 61432 77,413 0679 23412 3009 67e7) 77,93
0a17 23436 33463 s1.14 7)2,3) 2671 2303 22.73 5T7.2) 77.94
Oeld 21433 Y846 61,25 72,27 %073 22433 29,46 48,10 T7.98
Oel1S 21e148 38632 61637 7I,.2% Oa74 22,41 2313 81,79 28633
Y617 2la2 9,17 68149 72,48 Qe75 . 29.73 64,31 73,02
Qe 18 216412 13,03 6lefl 79,09 0e76 22,52 23,43 68,71 73,01
Q19 21,et I7.83 61473 77,03 JeT) 22,34 28,006 653e)Y TI,I8
002 21453 7,73 51.8% 7r.97 Oe79 22,14 237,671 694,14 73.C4
0622 231437 2757 6177 78,91 2080 21492 27,29 69213 13,09
0022 21467 7,44 (2e19 3,86 %481 2i.63 29437 47,57 .
Jde28 21,76 7427 62.22 73,50 0e8) 21442 24,4) 6% 79 73033
D25 Zle88 2713 52.35 73,73 0eB84 21,14 26427 7r0.01 79.12
027 2149 16693 523,87 73,73 083 23,33 23,65 T0.24 73,13
o3 22,31 15.33 52060 78.6% Je837 20, 2% 23 7047 78412
Je29 2,07 6467 62.7F 73.5) 0e83 20620 24.90 72,07 73,239
Oe3l 22417 24,51 42,86 13 0689 1935 24,39 70,72 -
0032 23,29 JAL36 62.97 73.%3 067 19431 2397 7Ti.16 78,27
062 32677 2Ge19 Aol 73,45 %¢92 19418 27,57 71.43 79,36
0ele 22,40 2Ae2] 453.23 TI,61 0a93 18477 23,11 T1.64 73099
03O 22449 1587 63412 73,17 Je24 18,2 22.7) 71,37 73404
Nel? 22439 I%.TI 6l45%2 78432 Je93 18,01 22,2% 72,14 73,0}
0631 22062 2% 5S4 6Ye06 123 0e97 17662 21,87 724,40 73,09
Vel? 22,69 8.7 6Y.0% 73,24 0698 17,22 21,43 72,67 73%.0)
Y681 22,78 33,19 6J.73 1,28 097 14¢d) 21009 72,73 73.084
Oedl 22632 3J% 02 54633 7317 1601 19,43 23,67 7%.,23 73,06
0e03 22,33 4094 644232 T)e14 1632 16432 2% 33 7333 T3ed9
Qe45 22,78 JAe66 64,76 T, 10V 15,061 1992 7%13 *3.14
Jes% 23030 4e43 G4e51 T3e08 104 1523 17¢54 74,23 “*lei
0087 23,08 J442) 64,56 T8 1605 18473 1219 74,02 3,31
2043 23013 Jaell 66.31 T0,9? 1407 14,36 13.7 7S04 79443
D03 25413 T3.91 64,76 T0,09 10638 13692 1347 75.351 *0e 64
I3l 23419 23,73 6S5el1 TTLIM 1492 13e47 1342 76073 73099
DeG52 23428 3e52 6547 77,96 1ell 13.91 1762 7497 71423
Je 5° e 27 N M 65042 77,94 1el2 12451 17¢23 77.05 7!.7:
Je3% 2o 10 Thl) 65439 TT7,9) 1683 136107 16e7h 7% 46 1045
0e5% 25417 2487 6S5¢7% TT7,92 feld 1139 166259 73 31 11,9}
De37 3,385 22,57 48,9} 7791 1636 13,91 1Je68 %10 1) 133)
037 Je 37 W4T 46633 TT,30 1el? 2052 1440 B8he81 37,33

TABLE IV

ELIMINATION OF STH, 7TTH, 11TH, AND 13TH HARMONICS OF
THREE-PHASE INVERTER, SWITCHING ANGLES AND
FUNDAMENTAL-WAVE AMPLITUDES

v

Vanx 1 * 2 max 1 *1
Dedi 17493 2323 JeS? 14
2403 19473 20412 0¢60 14
de34 11467 War7 %61 14e
2¢0% 1233 ide2) 0s62 16
0636 17448 20,29 0.64 I4
0ed) 19433 23,33 .65 la
0e03 19422 334) 0466 13
0el0 17411 10,46 13 3
Oell 13497 23,82 13 2
21T 13433 2333 13.36 2
O0eis 1377 13,63 13.42 2
9e13 18493 23462 13627 23,97
217 1358 320.73 13616 2303
Jed3 18.83 2281 13.03 23,09 32,31 43,33
0e19 18431 23.8% 12691 3113 33,25 4%.33
0e2) 18433 .32 12673 2313 33.21 @S5.48
3423 18433 2% 97 12463 23,16 32.06 4333
0623 17497 il.04 12632 23019 1.9 45461
De28 17,95 21,97 12033 23021 J1e74 43467
Be23% 1774 2141% 12023 234233 Y1.33 4376
0627 1772 21021 12612 23,35 31.42 45,9)
9423 17.51 21,24 1177 23027 31e25 432
Je27 17«71 2,32 11093 23,28 21,37 43,97
3ot 17623 21433 11072 23030 33422 46433
3632 17434 21,43 11699 233) %74 46413
0.3 17435 Ziesd 11648 23031 30455 43018
0el6 13,77 21.54 11639 23031 3333 46021
0036 16e71 21,63 116105 33031 33.3) 46625
27 21,65 11602 23632 10431 46421
33 2171 1938 23627 39,01 46433
21074 12478 32,37 20,61 4542
31,32 1359 23,24 29441 464981
21,37 10683 23,21 29417 868.8)
1,23 13637 2317 38,97 46e43 4783
21693 12418 23412 2
Oeas 15437 33 2,99 32,37 33:%3
YedT 1573 22,03 e84 22,372 49el}
0e88 13,63 i%13 2048 22,91 8,11
2983 1351 23, 1) 9.52 22,81 48,48
0081 15432 23,26 2033 23.47 48209
Je52 13427 23411 Yel?7 22434 aT.64
7083 15¢13 13 7e 8497 22,34 aT47
oS3 1333 1% 3> 8:73 22413 %33
Je%ML 18411 22,43 8437 314931 454 %0
1657 14a7) 2%42 .30 1ed} 43469
Tedd 7319 4J.4°




:TRUE BASIC PROGRAM TO GENERATE PWM RATIOS

CLEAR

LET D = 2000 ;:8ets resolution of superimposed sine wave
LET P = 128 :Sets the number of divisions per cycle
LET OFB = 15 ;Sets the number of switches per cycle
let w = 80 :Sets the modulation factor

PRINT W;:"%";

LET Z = 100/W
LET Itmp = O
LET TOTAL = O

LET M =0
LET J =0
LET C = OFB + 0.5
LET B = 2 x (2%0OFB + 1)
FOR I =0 TO D '
LET Y = SIN ((I/D)*PI) ;Generates sine wave

IF I < Mx(D/C) + D/B THEN

LET F = (Z/(D/B))*(I-(M*D/C))
ELSE '

LET F =2 - (Z2/(b/B)) * (I-(MxD/C + D/B)) :
END IF . ;Generates triangular wave

IF I - (MXD/C + D/C) > 0.5 THEN LET M = M + 1
LET Jtmp = J N
IF (F - Y) < 0.05 AND (Y-F) < 0.05 THEN

LET J = 0O
ELSE

IET J =1 :71” or "0° created
END IF

IF Jtmp = 1 AND J = O THEN
PRINT INT(O.5+((I-Itmp)*P/D));
" LET TOTAL = INT(0.5 + ((I-Itmp)*P/D)) + TOTAL
LET Ttmp = I
END IF
NEXT 1
PRINT TOTAL
LET W =W+ 2
GET KEY ZZ
END



APPENDIX 8: HARMONIC CONTENT OF PWM WAVEFORMS




Voltage Waveforms

1) Frequency = 50 Hz

Sinusoidal Modulation

RANGE: -9 dBY STATUS: PAUSED
A:MAG
354.8 .
WS :
S A O A SR )
35.48 L e P U 4
nVYrms :
01V e e 4
La el e e, TS PO 3
i :
I’g ................................................................ }.,.: ............................ -
OO OO SUPUORRUE SUUUROUENUURIE SRV K. SOROTEIOOS AN 4
e M : : : SRR N | B | (K :
Vrms Inf a0 n Lﬁl N =N A . N, B2 1 A A

START: @ Hz B

‘ 23.871 Hz STOP: 2 SQ@ Hz
X! 5@ Hz Y: ]

Harmonic Elimination

RANGE: -11 dBVY STATUS: PAUSED

A MRG

281.8

WYrmsS
A -
L L e e e e e 1
r. ................................................................................................ -
o S SERE S TN R R R I R BEEEE 2

8. 18 L e e i

nYrms . . . . . . . . :

IV e e e e e ]

s.l-’ ......... ﬂ“ ..... ......... ......... ......... ........ 7

1 1

1 SN A...J:r..”...';.:.‘. ....... S S T N |
vems Ulas — Ain ST WAL & .fu”uurlL\A fuaa i
START: 9 Hz " BH: 23.871 Hz STOP: 2 500 Hz
Xt 56 Hz ¥Y: 176.7 m¥rms




2) Frequency = 35 Hz

Sinusoidal Modulation

354.8

VS

25.48
n¥Yrms
/Ulv

RANGE: -9 dBVY STATUS: PAUZSED

- o =
BWi_11.936 Hz
1472.1

o

r_.. ......... ........ -
P e e s R i
L e R i
1Y TR O R S S S A ]
| N

X 1

: i

: {

STOP

Y mVrms

Harmonic Eliminatipn

RANGE: -9 dBV STATUS: PAUSED

3§4.8 : : -
A T U OO U S SR SO ORS SO UR RSO UUURUURTE ORI J
r. ................ ......... ................... ......... ................... ........ -
23s.48 L4 i ......... ; ................... i ......... ; ......... ; ................... i ........ _
miems : : : : : : : :
/U1y : : : . : ; : :
15 ORI P SR AR . W, W e FSTT U ]
: : : 0 : : :
l-m ...... : ......... ......... ......... .J} ..... ’ ’,: ......... ......... ................... ........ -
1/ SRUURIE SRR | Y| SO : R
. iRl e gt Jfreeere e x
vems UL SY P R NP L N 4 SN | S N U SR L {
START: Hﬁ é’ 6 Hz 3TOP: | 25@ Hz

X: 34.

e
375

3)

Frequency 20 Hz

Sinusoidal Modulation

354.8
WGYy-us

35.48
mVras
/D1V

RANGE: -9 dBVY STATUS: PAUSED

b T s

e e e e e e ]

o T ¥ PPV TS T .
I:

T T T L R A:“.““‘ﬁ ................... -4

BL Y

868 Hz

STOP:




Harmonic Elimination

FAHGE: -1t dBY STATUS: PAUSED

a:Man
251.9 :
WIS | e e e i
F .......................................................... 4
IS T SO S S SOOI |
esate L ORI P OO PR J
nYras :
CUIY L e et e J
| T
r ‘.‘.b.: ............................. P . I T LR LR R R R -
h O LI U SO ]
- .”: ............. . ............... t"i‘ .....
{ {II i f 1] .............. iH% .................................................. |
, T L : ey o g
mes UL gt o on [ AT [V L WL, W M. R L DA |
START: @ Hz BU: 7.6388 Hz STOP: 88@ Hz
% 2 Hz - Y 168.7 mvrms
Current Wavefo
l) Pr en = 50 H2z
Sinusoidal Modulation
RANGE: =15 dBY STATUS: PAUS
At HAG 157 5 AUSED
177.8
WY S Ll e e
T -
P D D DD R
A7 78 T T T T e T T B
mnvrms
/D1y | R R
.............................................................................................. |
p] ................................................................................................ .
!
................................................................................................ -
S S SO OOV ST OO SOOI SRSV ]
a il
vens MM A A o A A an il & :
START: @ Hz BU: 23.871 Hz STOP: 2 580 Hz
X: So@ Hz Y: 95,88 m¥rms :
-Harmonic Elimination
RANGE: -11 dBV _ STATUS: PAUSED
AL HAG
281.8 -
‘“lv’l(."ls .............................................................................. -t
L .
2818 L J
m¥Yrms -
/Dlv R L R R R R O R R I R R I R R I R R I I I -y
i
r.bj ................................................................................................ -f
TR U e e A
e M fl \
Vrms : oA At oo A
START: .a Hz ~ BN: 23.871 Hz STOP: 2 see Hz
%: 50 Hz Y 1985.7 mVrms




2) Fr en = 35 H2

Sinusoidal Modulation

RANGE: -11 dBvY, STATUS: PAUSED

281.3
WYY TS

es.1e L] .. L R S R [ R S [
2618 _ : ‘ _ : _ . SRR S ]
/1Y | : : : : :

| .
F Al D J
W S : ~ : :
o il : : f ”Y ....... Ti ....... E””““? ......... g S -
Yras || Ji! : : . A : o

START: @ Hz . BH: 11.936 Hz STOP: 1| 25@ Hz
Xt 34.375 Hz Yi 14b.9 mVrms

Harmonic Elimination

RANGE: -1S dBY STATUS: PAUSED

177.8

WYrms L
T P N p
S .{

17.78 L 4...... SRR SO e R e e .
aVras - : : : : : : : :
7DV L B SUURRRTL SRR . 47 N SUUTUR USROS SRR SURUTRTE SR i

e

Yrms 3
START: 8 Hz
®: 34.375 H=z

ol
.936 Hz . STOP: 1 250 Hz




3) Frequency = 20 Hz

Sinusoidal Modulation

RAMGE: -1l dBY STATUS: PAUSED
A:MAG
est.8
ii‘ "; 7..iil s ............................................................................................... -
Lo Ten e T T e T T T .
r_. ................................................................................................
e2.18 L. ... AH.HUJ.”HH4J”.“”.; ......... TS SO 5 ......... 5 ......... 3 ........ 4
n¥rns : : i : . . : : :
4125 N I SN T ——
1N U SO P U SUUPPRIUIU AT PPPRI SRR S PR LT S 4
...................... L SRUUUIUURUURU T U
. R S e o e : : P,’ . :
Vi | ‘NoA - P L Y | . : A. 3
START: @ AZ BU: 7.6388 Hz STOP: 888 Hz
Xt 28 Hz ] ¥Y: 114.9 mVrms
Harmonic Elimination
RANGE: =15 dBV STATUS: PAUSED
177.8
WY s
................................................. y
T L L L R T T T -{
1778 L e e e e, J
nVrms .
7Ty L . .
.............................................. S P SO
I | T S SUPURP I RS S SO SR SO i
o
P.i ......................................... 'l .................................................... -
o %lL ........ R
a ! . . : y . . . :
Yrms bl o0 A ) P .ﬂ P LA : fk 2

7.6388 Hz STOP: 808 Hz |

START: @ Hz BU
%X: e H 1






