THE UNIVERSITY OF ZAMBIA

SCHOOL OF ENGINEERING

DEPARTMENT OF ELECTRICAL AND ELECTRONIC
ENGINEERING

CONSTRUCTION AND EVALUATION OF A

MICROCHIP DESIGNED UPS

BY

KASONDE BRIAN

November 2005




iv
Acknowledgement

[ would like to appreciate appreciate and give praise to my heavenly father for the breath that I

have from him.

My thanks to my project supervisor Mr. S. Namukolo for giving me an opportunity to work
with him. ,
Special thanks to the Necor Customer Service engineers for the time they used to allow me do

my download for data I needed.

Special thanks to my family and friends for the help and moral support they render in my

studies.



Table of contents

Content

.............................................................................. Page number
ACKNOWIEAZEMENLS. . ..uvnieiiiiitie it Y
List of figures and tables ...........coooiiiiiiiiiii vil
B (01715 10+ P viii
SUMIMATY . et i e X

Chapter 1. ..o .o 1

1.0 INtrodUCHON. . ..v et 1

1.1 Background.........couiiiiiiiiiiiiiiiii i e, 2

| ] 1T § =PSRN 3

1.3 Literature TEVIEW. . ..evvnenenteneete et nie et eaeeeenees [T 3

1.4 MethodOlogY . ..oovnrie e e 3

1.5 Scope 0f WOTK. ....ovviiiiiiiiieiiiiie e D

1.6 Problem StatemMIENt. ...ttt ettt e e ettt et 5



L1 (-1 111 777 P P T PP 6
2.1 UPS OVEIVIEW . . outiiiiitee ettt et e ettt et et e aeeeeaseaans 6
2.2 System overview and operating principle................. 7
2.3 Bt Ory. . ittt e 8

2.4 Battery BOOSt ..o 8

2.4.1 Battery Boost Circuit...........ooviiuiiiiiiiiiiiiiin, 8

2.4.2 Battery Boost Control Card.................oooi 10

2.5 Power Factor Correction Circuit..........oooveiiuiiiiiiiininiiiiniian, 12

2.6 Free Running Chopper.........coooiviiiiiiiiiiiiiii 17

A 4N = 1 T 21

2.7.1 The INVErter CIFCUIL ..vovueieeineen it eeeaa 21

2.7.2 Inverter control card............cooooiiiiiiiii i 23

2.7.3 Inverterdrive card.........coovvieiiiiiiiiiii 23

2.8 Hardware ProteCtion.........cocvueneeriiiiniiiiiiiinniniiniaiinneeneanes 27

2.9 Analog to Digital CONVEIter. .. .....ouiviiiiiiiiiiiieeen 27

2.10 PIC17C43 (microcontroller)..........oovviiiiiiiiiiiiee e 27

2.10.1 Description of this microcontroller....................loevin 27

2.10.2 Pin DeSCIiption. . ....vuenenitiiiieiiiiiiiiiieee e 28

2.10.3 Inverter Control Card .........coovviiiiiiiiiiiiiiiiiiiinnn. e 29

2.11 SOftware OVEIVIEW ...uviuvinnieieeiitiiite it entiiteiie e aeeeneens 31

Chapter 3...iiiiieiiiiiiiieiiiititiiratetinenioisaserieressatetsstsscsasesesssasnsassasenesas 32
3.1 Expected Bus vOItages........o.ovviriiiiiiiiii 32

L] 11 1113 o T T R 33
441 DISCUSSION .. eenvntereneteseneeeenenaneeneae ettt ere it e ataaasaeenans 33

£ 2 CONCIUSSION. ..t tinett it ettt e e et e et et et e et e et e e e e 33

| 2S5 0= 1 10 T PSP 34

N 1 12 1T LT PR TR L 35
Appendix A Program Flow chart............ccoooii 35

Appendix B Program list.........ccoooiiiiiiiii 36



vil

List of figures

Figures

Figure 2.1  Basic Ups Block Diagram

Figure 2.2  Uninterruptible Power Supply Block Diagram
figure2.4.1 Battery Boost Circuit

figure2.4.2 Battery Boost Control Card
Figure2.5(b) Power Factor Correction Circuit
Figure2.6.1 Free Running Chopper Circuit
Figure2.6.2 Free Running Chopper Control Card
Figure2.7 Inverter Circuit

Figure2.7.2 Inverter Control Card

Figure2.7.3  Inverter Drive Card
Figure2.10.2 Inverter Control Card

List of tables

Tables

Table2.7.1  Transistor Switching
Table2.7.2  Inverter Control Signals
Table2.10.2 Pin Description



Notation

AC
AD
BB

D
FDBK
IGBT

FRC
UPS
DC
IC
NEG
PWM
POS

Q
SYNCH

Alternating Current
Analog to Digital
Battery Boost
Diode
Feedback
Insulated Gated Bipolar Transistors

Free Running Chopper
Uninterruptible Power Supply
Direct Current

Integrated Chip

Negative

Pulse Width Modulation
Positive

Transistor

Synchronization

viil



ix

Summary

Reliable power supply results in the overall efficiency or organizations. Providing standby
power supply when the utility power fails helps in switching of most equipments in the normal
way. An analysis of the operation of the Uninterruptible Power Supply helps in understanding
of the operation of these devices. The various circuits in these devices perform different
functions. Thus, these circuits must be analyzed individually so as to make a good
understanding of these devices. The principle operation of the Uninterruptible Power supply is
the conversion of DC voltage from batteries to AC voltage and output these to the equipment

they are connected to.



Chapter 1

1.0 Introduction

Utility power supply is not always reliable as is subject to spikes, surges and complete
blackouts. This is not good for most electrical and electronic equipment. In the event of power
failure, equipment such as computers and most telecommunication equipment, tend loose
data, which was not stored. For computers the machine can even be corrupted, as the
equipment was not properly shut down. To allow for proper shutdown of such computers, it is

therefore required that power from some other source be available.

The need for uninterruptible power supply is thus vital for smooth operation of computers and
other electronic equipment. In order to achieve this, a UPS is installed between the computer
and the main utility power supply. UPS simply stands for Uninterruptible Power Supply. A
UPS stores energy in the batteries, which it uses to supply to the equipment connected to it.
This ability to provide power to a system during power failure allows the systems to be
properly shutdown and in the case of computers the files to be stored In cases were the system
is connected to another stand by generator, the UPS will allow for the transient period the

generator needs before it can reach the voltage of the utility supply.

There are basically two types of UPSes. The first type is the Online UPS, which always
monitors the utility power supply.This is done by monitoring the voltage level. Once the
voltage from the utility goes below a certain level, the UPS starts to supply power until the
minimum allowable value is reached by the supply from the utility. During normal power
supply by the mains, the UPS is in the charging mode. Thus, this type of UPS also acts as a
filter in times of spikes and surges. The other type of UPS is a Standby UPS. This type of

UPS only comes on when there is a complete power failure in the utility supply.

Since UPSs use batteries for there supply of energy, it can thus be seen that, this unit has
some energy conversion .The utility supply is an alternating current (AC) whilst batteries

produce direct current (DC).

The UPSs use batteries are easily get drained after some time. These batteries thus can only

give power for a certain period time. Thus the maximum rating of a given UPS in use will
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determine for how long it will supply power. The UPS is always rated in VA. In cases where

the load connected to the UPS are exceeding the maximum rating, the life span of batteries in

the ups is reduced which is a common problem in UPSs.

The UPS is made of many single electronic circuits that have to be incorporated together to
achieve its prime function of being a standby power supply. With the advancements in the
solid state electronics hardware-based UPSs are gradually being replaced by microprocessor
or microcontroller-based counterparts, with significant improvement in ease of design,
flexibility of the control software and overall reduction in development cost. Since a UPS
incorporates a relatively large number of detection, protection and control functions the many
analog components from which the UPS is made can easily be incorporated by the use of

microcontrollers.

1.1 Background

Due to the many circuits present in the UPS,it is thus required it is divided into parts. Each
part must constitute major circuits or classes of circuits that perform similar functions. Each
of these circuits has its own various voltages for input and output. Thus, the different voltages
at each circuit terminals result in different currents being fed into a particular component.Its
these various circuits which are incorporated together form a UPS that performs its function

of supplying uninterruptible power to a system that is connected to it.

In the analysis of the various circuits of the UPS,it is important that a sequential approach is
used. By sequential approach its meant that, the circuits that perform similar functions and
connected together they must be analyzed together so as to see the effect of changing any of
the parameters on other parts of the circuits. Each UPS has its own unique arrangement of
circuits. Despite having various UPSs on the market, all the UPSs look at having the same
function and that is to supply power when the utility fails. Thus different UPSs look at only

having enhancements.

The above consideration of dividing the UPS circuits into groups only takes into consideration

of the UPS hardware system. The UPS is mainly divided into two parts namely the Hardware



Features of particular importance in the UPSs are the transient time of switching from the
utility to the UPS. Thus in the design of the UPS, this time is reduced to milliseconds or even

microseconds so that the equipment does not see any power changes in the supply.

The principle of operation of the UPS is based on the conversion of the energy stored in
batteries and uses this energy to supply power to the equipment connected to it. The power
from the batteries is direct current voltage while utility supply is alternating current. Thus
conversion of this dc source of batteries to ac for the equipment is of particular importance.
Energy conversion in most electrical circuits requires that, losses be minimized for maximum
efficiency of the electrical systems that are using the converted energy. In UPSs, the

conversion of energy results in low energy losses.

Conversion of the dc voltage from the batteries to ac voltage requires that, the output voltage
(ac voltage) should be as smooth as any ac voltage from the utility. Thus, the conversion
process, the converters used should be able to produce a purely sinusoidal voltage. To obtain a
purely sinusoidal output from dc voltage involves a use of many electrical circuits. Thu a need
to understand the operation of these different circuits arises for the would be designers of the
UPS. The understanding of the circuits of the UPS can thus be learnt from the use of already
made UPSs. Thus the different voltages in the various circuits of the UPS system can be
measured and analyzed. The values of the voltages of the various circuits depend largely on

the rating of the UPS being used.

14 Methodology

A complete and thorough analysis of the given UPS is the main objective of this project. To
achieve this, it was necessary to divide the UPS into two parts as mentioned earlier the

Hardware and Software.

The hardware part of the UPS is the circuitry part. This was further divided into the following

main circuits namely input power, power factor. correction and rectifier, battery boost and
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charging, free running chopper, inverter and the microcontroller. An analysis of these

individual circuits was to be done. The work on the analysis of these circuits was to identify
which part of the circuit controls what other part of the UPS as these circuits are connected

together via the microcontroller voltage buses.

The software of the UPS is the programming of the microcontroller that was done during the
design of the UPS. The software embedded into the microcontroller determines on how the
controls of the hardware will be done. Thus a thorough study of this package was to be done.
After the analysis of the UPS hardware and software is done, the UPS was to be
constructed from these circuits. Its this constructed UPS whose voltages were to be measured

and the all operation of the UPS evaluated.

1.5 Scope of work

The work that was involved in this project to realize the UPS:

1. Studying the various circuits of the given UPS.

2. Studying the various IC’s used for the circuits that have them incorporated.
3. Studying the software package of the UPS.

4. Building the UPS from the given circuits. .

5. Measuring the various voltages on the main voltage buses of the UPS.

1.6 Problem statement

To analyze the various circuits of the UPS and to understand the basic principle of
operation of the UPS .To make recommendation on the redesign of certain parts of the
UPS. This will give an opportunity of third world countries to venture into high

technology.



Chapter 2

2.1 UPS overview

The UPS under study is online.Figure2.0 gives the basic block diagram of a UPS[1]. A UPS
basically has the parts shown which include the battery, rectifier and the inverter. The battery
is for energy and the rectifier for the conversion of the ac voltage input to dc voltage. The
inverter is for converting dc voltage from the rectifier and the battery to ac voltage that is
output voltage fed to the load. Thus during normal operation of the UPS, energy is stored in
the batteries which is later used whenever there is power failure in the utility supply. The
rectifier unit receives its input from the utility supply. From this basic UPS circuit certain

features can added to develop UPS whose functions maintain the basic principles of the UPS
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FIGURE 2.1 Basic Ups Block Diagram



2.2 System overview and operating principle

The UPS under study has the system lay out as shown in figure2.2. The system has the
following main parts namely the Input power protection, power factor correction and rectifier,
and battery charging and battery boost, free running chopper, H-bridge (inverter),IGBT
drivers,Hardware protection, A/D(analog to digital converter),output filtering and the
microcontroller the PIC17C43.To fully understand the principle operation of each circuit is
important before the UPS could be built for studying the voltage characteristics of the whole

UPS. The UPS was divided into the various circuits and each circuit analyzed separately.

The power flow in this UPS is as follows[2]. For utility power that is available, power enters
through the input filter and is filtered of spikes and surges, this is done by the input power
protection. The filtered power the flows into the power factor correction and rectifier unit.
The rectified (ac converted into dc) is fed into the free running chopper. The free running
chopper is also fed by the battery boost. The free running chopper feeds the inverter (H-
bridge). The dc is converted into ac by this inverter and the filtering of this done by the output
filter and this power is fed to the load. The H-bridge is controlled by the micrcontroller. The

main power flow in this Uninterruptible Power Supply is shown below.
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Figure 2.2 Uninterruptible Power Supply Block Diagram



2.3 BATTERY

The battery is the source of the energy in the UPS. The battery rating of the UPS is about
40volts. The energy is stored as DC voltage. Since the battery drains when the UPS is
supplying energy when the utility has failed it is thus the required that the battery is recharged
using the battery charging unit. This unit in this UPS has not installed hence the need of
designing the circuit. The charging of the battery is supposed to be determined by the

microcontroller

2.4 BATTERY BOOST

The battery boost is divided into two parts namely the battery boost circuit and the battery

boost control card.
2.4.1 Battery Boost Circuit

The output voltage from the UPS is either 120V or 240V. From the battery only 48V is
available. Thus if 240V is to be obtained from the batteries, it would mean that six such
batteries have to be used. This would make the UPS very heavy and above all the cost would
very high. The purpose of this unit is to raise the voltage from the battery. The battery boost

circuit is given in the figures2.4.1.
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figure2.4.1 Battery Boost Circuit

The push pull transistors (Q1 and Q2) and the transistors (Q3 and Q4) are used for
switching the DC voltage ON and OFF. The transistors have been paralleled for each limb so
as to reduce the amount of the current carried by each transistor and to ensure that should one
transistor fail then the other one should continue operating. These transistors have been
ensured they have the capabilities of handling the entire load current. The transistors of each
limb are turned ON and OFF simultaneously. The drive to these transistors from the control
card figure shows that drive for Q1 and Q2 (Q1-drive and Q2-drive) both are connected to the
logic drive chip the TSC429CPA which is drive A and the transistors Q3 and Q4 are driven
from the drives Q3-drive and Q4-drive respectively which are connected to the drive B from
the TSC429CPA chip. The battery(+) is connected to the center of a step-up transformer
T1.The switching ON and OFF of the transistors produce a varying field across the
transformer which results in a stepped up alternating current voltage. The voltage from
battery is about 48volts and its stepped up to 360volts a value below that from the rectifier
which is 380volts. The purpose of stepping the voltage from the 40V to 360V and not 380V
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from the rectifier circuit is to ensure that that during normal operation of the UPS the

source of the power should be from the input power source. This voltage is again rectified
through the diodes D1 and D2 and the filtered by the inductor L1. The capacitor C1 on the

output from the inductor is for stiffening the voltage.

The switching time of the transistors in the battery boost circuit has been taken care of by the
use of the UC3825AN. The UC3825AN has a high switching frequency[3.]. The propagation

delay have been minimized through the comparators and logic circuitry.

2.4.2 Battery Boost Control Card

The battery boost control card is shown in figures2.4.2. The battery boost control card
controls both the magnitude of the stepped voltage as well as monitoring the synchronization

of the battery boost circuit with the other circuits in the UPS.
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The battery boost control card has an integrated circuit UC3825AN. This is chip is a high
speed pulse width modulation (PWM). The feedback loop of the battery boost control card is
feed from the current transformer T2 that monitors the current in the battery boost circuit. The
two feed backs namely BB-1-FDBK1 and BB-1-FDBK2 are feed into the rectifier unit thus
providing a direct current through resistor R12 into the 1lim of the UC3825an chip. This pin
is an input into the current limit comparator. The purpose of this is to provide a means of
monitoring the amount magnitude of the output voltage from the battery boost circuit thus
monitoring the maximum current that has to be used in the UPS. From the same rectifier unit,
the ramp pin (pin7) is fed through resistor R13. The ramp pin is the non-inverting input to the
PWM comparator that uses the Ct as the feed-forward for the voltage function. The Ct is also
fed through resistor R13, capacitor C8 and resistor R11. The purpose of the capacitor C9 and
C8 connected to the Ct are for determining the oscillator frequency of the UC3825AN.

The battery (+) terminal is also connected to the LM139 operational amplifier. The operation
amplifier has two input to it the battery(+) terminal and the Vref from the UC3825an chip.
The Vref from the UC3825 has a value of 5.1volts. The battery(+) terminal supplies a voltage
of 40volts or more. The voltage reaching the operation amplifier is about 5.2volts. Thus the
output from the operational amplifier is a negative voltage as the operational amplifier is
operating in the inverter mode[4]. Since this negative voltage is applied to the transistorQl,
the transistor does not conduct any current. The moment the voltage of the battery(+) is below
the 40volts,the output from the operational amplifier becomes positive thus turning the
transistor Q1 ON. The moment the transistor turns on, the LOW BATTERY signal is sent to
the microcontroller that in turn switches the battery charging circuit on. This results in the
battery being charged if the utility supply is on. In cases were the utility power is completely
shut down the turning on of the battery charging unit also triggers the battery alarm. During
the time the UPS is supplying power from the battery, the charging unit should not come on
so that the battery does not carry an extra load of charging the battery apart from the
equipment connected to the UPS.

The soft start pin(ss pin8) of the UC3825An is control pin for the reset of the UC3825AN.
The other pins of interest in the way this chip has been used are C, INV, Ct, OUTA and
OUTB. The OutA and OutB have been mentioned earlier in the battery boost section.
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The UC3825 chip requires power for it to carry out the functions mentioned above. The

powering pin of this chip is the Vce pin. This requires a minimum voltage of 12V. The power
circuit of this chip is given in the inverter control card section. The transformer terminals
labeled X1 and X2 of the transformer T6 of the rectifier circuit from the free running chopper
output supply the transformer terminals of this transformer. This alternating voltage is
rectified through a full bridge rectifier and the output from the rectifier is stabilized by the
capacitor C1. The voltage regulator Ul 7815 then regulates the stabilized voltage. This thus
gives the 12V required by the Uc3825an chips. Note should be taken that the same 12V for
the UC3825 of the battery boost circuit is also used to supply the UC3825 of the free running

chopper circuit.

The synchronization of the battery boost circuit in the UPS is done through the Ct pin of the
UC3825AN. The battery boost circuit synchronizing input to this circuit is given as BB-
SYN1. The BB-SYNC1 terminal is controlled by the PIC17C43 (Microcontroller). The
Microcontroller handles the synchronization of the battery boost.

To protect the battery boost circuit, the UC 3825 has a current limit comparator with a 1V
threshold. The soft start pin has the capabilities of doubling as the duty cycle clamps. The
logic of this chip is fully latched so that jitter free operation and multiple pulses at the
outputs. When the voltages for the inputs that are voltage based are low the outputs are
designed to have high impedances. The pins OUTA and OUTB are output pins that are
designed to source and sink high peak currents from loads that are highly capacitive. Such
loads include the MOSFET gates that are connected to them for their switching. Such
transistors are the ones shown in the figure of the battery boost section; eg the push-pull

transistors. These have their gates connected to the OUTA and OUTB.

2.5 Power Factor Correction Circuit

The power factor correction circuit has the responsibility of adjusting the power factor of the

UPS. The purpose of this circuit is to raise the power factor. A high power factor results in
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increased performance of the UPS. To have a high power factor, it is required that the input

voltage and current are in phase with each other. The power factor correction circuit is given

in figure2.5
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The power factor correction circuit has a high power factor pre-regulator integrated chip the
UC3854.This integrated circuit (UC3854) is a 16 pin chip[5]. The different pins can be used
for various activities. The powering on of this chip is through the Vcc pin which takes a
voltage of about 17volt. The UC3854 for its proper operation, an operating frequency must be
determined through the pin CT. The value of the capacitor connected to this pin determines
the operating frequency of this IC. Since the UPS is designed to operate at 50Hz and 60Hz,
the frequency used must accommodate both of these frequencies. But the desired operating

frequency is that of the transistor switching which is 100kHz.

The input current is monitored by the UC3854 through the I(sin )pin. The current is tapped
from the rectifier output terminals. The value of the voltage at the point where the current is
tapped from is very high but the I(sin) pin is high current pin hence the voltage is scaled down
through the high resistors R1 and R2. (Fig2.5a) . The output current is also monitored through
the I(sense) of the UC3854. Thus the power factor correction circuit has two feedback loops.
The inner feedback loop monitors the input current waveform. The outer loop monitors the

output current from the UC3854.

The control inputs to the UC3854 are the following: I(sin)(pin6) , I(sense)(pinl) OVP(Output
voltage pin,pin5) and the INV(Input voltage pin4). The I(sin) senses the input current from
the rectifier output .The waveform of the input current is monitored so as to compare it with
the input voltage waveform. This comparing of the two waveforms brings about the reduction
in the phase difference between the two waveforms. The I(sense) monitors the output current
from the transistors Q1,Q2,Q3 and Q4 (Figure2.5b) which are controlled by the Vref through
the chip TSC429CPA. These transistors have placed in parallel in order to reduce the amount
of current flowing through each transistor thus reducing the stress in them. The switching
frequency of these transistors is very low hence noise is greatly reduced in this circuit. The
switching is controlled by the Vref, the output current is thus compared to the input current
sensed through I(sin) .I(sense) current is determined from the transformer T1(Figure2.4a)
which is a current transformer. Like the I(sin) pin, I(sense) is also a high current pin hence the
voltage scaled down through R11 and R12. As the current LI is controlled by the Vref ,it is
forced to have the same waveform as the input voltage and the phase displacement is

reduced thus raising the power factor.
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The OVP(output voltage pin) and INV (input voltage) monitors the outer current loop. The

outer current loop monitors the DC output current magnitude. The dc output voltage is
monitored by the OVP pin.The output voltage feedback through this pin controls the
magnitude of the output current. As the input current controls Vref, the output current through

this outer current loop ensures that a correct output current is forced into the L1.

Since the output current from L1 is forced to have the same value as the input current to the
UC3854 and the input current waveform is matched with the input voltage waveform, the
power factor of the UPS is thus raised as required. The purpose of raising the power factor in
the UPS is to reduce on the amount of the current that ahs to be drawn from the main popwer
supply. To meet a given load at lower power factor would require a large current as
compared to a higher power factor which would draw a lower current.

The Vref, which controls the transistor switching, is controlled from the pin12 of the UC3854.
The pinl2 controls thc switching of the transistor Q5. Pin 12 is a gate drive pin which is
internally clamped to a voltage of 15volts. The Vref from the UC3854 is set to magnitude of
7.5volts which when the Vce is below the 17volts. The EA pin is for ensuring that the
UC3854 is coming on this pin is enabled. The enabling of this pin is by stiffening the
internally supplied 2.5volts through the capacitor connected to the INV pin which is used to
monitor the output voitage magnitude. The mult (pin2) of the UC3854 is current output pin
for the non-inverting input current from the rectifier. This pi has not been used in it being
connected to the input current but has been connected to the ground through the resistor R3.
the purpose of this is to use this pin as means of grounding the noise that arises from the UC
3854 switching effects of the various controls. The pin SHUT (pin10) is a pin that is controls
the switching off of thc UC3854 in case of any malfunctions. Thus, the synchronization of the
power factor correction circuit in the all UPS. This is done through the microcontroller. In
cases of the malfunction of the UC3854, the R(T) pin is used to control the frequency at
which the UC3854 should oscillate before complete shut by the SHUT pin. The oscillation
frequency of the UC3854 is thus controlled using the C(T) and R(T) pins. The frequency at
which the UC3854 opcrates usually should be much higher than the frequency of the utility
power supply. A very simple relation between the oscillation frequency and the C(T)
capacitor to be used is given below

Ct = 1.25/F*Rt @.1)
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The switching of the transistors is such that the two transistors placed diagonally are switched
at the same time. The transistors of the bridge are namely Q5, Q6, Q7 and Q8. The transistors
to be switched simultaneously are Q5 and Q 8 then Q6 and Q7. The commutative switching of
the transistors results in the production of alternating current voltage, which has a square
waveform. These transistors are desired to have a high switching frequency. The switching
frequency of the transistors determines the quality of the waveform from the H-bridge. These
transistors have been set to switch very high frequencies so that pulse width of the waveform
to the transformer T6 are good enough for it give the correct voltage. This square voltage
appears across the transformer T6. Each H-bridge limb has a current transformer namely T4
and T5 (fig2.6.1). The current transformers are used for the feedback loop of the free running
copper.

The transformerT6 is a center tap transformer. The voltage that has to be the output for the
load must be the same as the input. To select the correct voltage for the output, the relays
RYLI and RYL2 have been placed for this purpose. The relay switches are designed to be
controlled by the microcontroller. Thus the software program has to handle this part.

The square wave produced by this circuit has a duty cycle of about 45% and the free running
chopper is set to a frequency of 100kHz. This is determined from the control circuit. This
square wave is generated for the purpose of comparing it with the input voltage from the
utility. The aim of comparing the two voltages is to ensure that the voltage fed to the H-bridge
from the free running chopper corresponds to that of the mains supply. This square waveform
is rectified to give a duty cycle 90-92%. The duty cycle is raised so that the ripple and stress
on the components is minimized. Noise due to the high switching frequency of the transistors
also arises. The filter circuit reduces the noise and currents from the parasitic capacitance of
the inductor and voltage spikes are removed by this part of the circuit. This all occur during
the of state of the duty cycle

The control card of the free running chopper is given in figure2.6.2. The circuit has the
UC3825AN as the controlling chip. The UC3825 has been used for its high pulse width
modulation capabilities. The powering of the UC3825 is that mentioned in the section of the
battery boost control card. The frequency of oscillation for the free running chopper was

determined from the value of Rt used and thus determining the value of Ct.
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TSC429CPA chip that has its output connected to the transformer T2. The Out b is also

connected to the chip TSC429CPA that too is connected to the other end of the transformer
T2. The secondary of transformer T2. The polarity marking for the transistors Q5 and Q8 are
on the same side just as those for Q6 and Q7 are in the same direction. The secondary of
transformerT2 have resistors so as to reduce the amount of current reaching the gates of the
transistors. Since the polarity markings for the transistor Q5 and Q8 are on the side, transistors
are switched on simultaneously just as transistors Q6 and Q7 are equally switched together.
Thus square wave is generated from this arrangement.

The feedback loops are namely CH-1-FDBK1 and CH-1-FDBK2 from the current
transformers T4 and T5 respectively. The current transformers are used to measure the value
of the output currents in the H-bridge(of the FRC ). The feedbacks are both connected to
diodes D8 and D9 (fig). The output from these diodes are connected together and provide the
current to the current limit pin of UC3825AN. The current limit pin controls the maximum
value of the current that should pass through the UPS. The same current from the diodes D8
and D9 is connected to the ramp pin through the resistor R6. The UC3825AN in this circuit is
operating in the current mode. Hence the current going to the ramp is used as the slope
compensation input. Due to this reason, the current that flow through the UPS is monitored
for any fluctuations.

The DC buss is connected to the three zeiner diodes connected in series that are joined to the
transistors that are connected to the soft start pin. The soft start pin monitors the duty cycle of
the waveform from the H-bridge of this section of the UPS. The soft start pin has the capacity
of doubling as the maximum duty cycle clamps. Due to the doubling effect of the soft start,
the duty cycle of the square wave is raised to about between 90-92%. Hence the output
voltage square wave has this duty cycle as compared to the square wave produced by this H-

bridge is at a duty cycle of 45%.
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2.7 Inverter

2.7.1 The inverter circuit

The inverter commonly called the H-bridge is used to convert the DC voltage into ac. The DC
voltage conversion to AC is for the use by the loads which require AC current. The DC
voltage from the rectifier is filtered through the power factor correction and the DC from the
battery are both filtered through the free running chopper then fed into the H-bridge. The H-
bridge circuit generates separate positive and negative cycles that are needed for the

sinusoidal output voltage for the load. The circuit for the H-bridge is shown in figure2.6
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Figure2.7 Inverter Circuit
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The inverter is made of four transistors which make up the two limbs which form the H-

bridge. The transistors are labelled Q9, Q10, Q11 and Q12. The transistors for this particular
bridge are Insulated Gated Bipolar Transistor (IGBT). These transistors have a low ON
resistance and low operating frequency. MOSFETSs can also be use but these have very high
ON impedance for this particular application.

The drives to these transistors are given as Q9-DRIVE, Q10-DRIVE, Q11-DRIVE and Q12-
DRIVE respectively. The control drives to these transistors are controlled from the logics
gates given in the inverter control drive card. Each transistor has its own drive circuit.
Transistor switching mode is given in the table shown in table2.7.1. The mode of switching
for the transistors gates is such that Q9 and Q12 are switched at the same time whilst Q10 and
Q11 are also switched at the same time. The equation for the relationship of switching of the
transistors in each limb is such that, if S9 and S11 are the switching logics for the gates of the

transistors Q9 and Q11 respectively then:-
S9+S11 =1 (2.2)
The same applies for transistors Q10 and Q12 for the
S10+8S12 = 1 €.3)
This mode of transistor switching is determined from the pulse width modulation for the H-
bridge to generate the square wave. From the relationship above it could thus be seen that the

transistors in each limb cannot be switched ON at the same time. Thus transistor switching

relation is given in table

Table2.7.1 Transistor Switching

S9 S10 S11 S12
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2.7.2 Imverter control card

The inverter control card is the circuitry that provide the control for the drives of the
transistors of the H-bridge . The inverter control card is made from the parts namely the
PIC17C43 and the Hardware protection unit. The PIC17C43 circuit that controls the inverter

that is directly connected to the inverter gate drives is shown in figure2.7.2.
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Figure2.7.2 Inverter Control Card
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This circuit is referred to as the inverter drive card.There are connected to the two parallel

logics circuits. From the logic outputs it could be seen that for the PWM high and the POS-
NEG low , the transistors Q9 and Q12 have their drives high hence they do not conduct but
transistors Q10 and Q11 have their drives low hence they conduct. From this it follows that
the transistors Q9 and Q12 have their drives low when the PWM is high and the POS-NEG is
high.

Four control logics from the PIC17C43 (microcontroller) that control the inverter gates are
namely the POS-NEG (pin RC2/AD2), ENABLE(pin RC0/ADO), FAULT(pin RC1/AD1)
and the Pulse Width Modulation( pin RB2/PWM1). The pin selection of the PIC17C43 is
discussed in the PIC17C43 section. The other control input to the drive is the saturation state
of the transistors. The fault logic is the logic that detects the fault in the functions of the H-
bridge.

The inverter control card is a logic circuit. This circuit is made of NAND and Exclusive OR
gates the inputs to these gates are the Out of saturation , Enable, PWM, and the POS-NEG
(Positive-Negative, this is for determining the reference voltage waveform for the positive
and negative cycles). The Out of saturation logic is determined from the saturation state of the
transistors, thus for normal operation, the transistor have to be in the saturation state. When
any of the transistors is out of saturation, the out saturation state is low enabling the fault
NAND gate. The fault logic being enabled, enables the PIC17C43 which-disables the H-
bridge. The out of saturation for the transistors occurs when there is a high short current
drawn by the any of the transistors. The Enable logic from the PIC17C43 controls the flip-
flop made from the two 74AC400 NAND gates. A high on the enable resets the H-bridge to
initialise again. The resistor is connected to the Enable so that the system does not initialise
the H-bridge due to stray signals. The PWM and POS-NEG logic inputs t follows that Q9 and
Q12 are turned ON when their drives are low. This occurs when the PWM is high and the
POS-NEG low. The PWM is always high for both the states of the transistor switches. This
occurs because the PWM is needed to generate the duty cycle value for the square wave
produced by the H-bridge. The PWM is internally generated by the PIC17C43 depending on
the frequency of the input power source. The input power source frequency is captured b y the
zero crossing line shown in the UPS over view block diagram (figure2.1).This, thus ensures
that the output waveform is purely determined by the input power voltage form.

From the four logic inputs for the switching on of the transistors, the logic combination for

the PWM and POS-NEG for transistor switching is given in table 2.7.2
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POS-NEG PWM QO Drive Q10 Drive Q11 Drive Q12 Drive
0 0 0 0 1 1
O 1 1 0 0 1
1 0 0 0 1 1
1 1 0 1 1 0

It should be noted that a low on the transistor gate drive means the transistor is ON and a

high the transistor is OFF.

2.7.3 Inverter drive card

The drives (Q9-drive,Q10-drive ,Q11-drive and Q12-drive) from the inverter control card
feed into the inverter drive card. There are four circuits for the inverter drive card one for each
transistor but only one has been shown in figure2.7.3. The drive signals for Q# drive feeds
into the chip EXB840. The EXB840 chip is a Insulated Gated Bipolar Transistor driving
hybrid chip[6]. The chip controls the switching ON and OFF of the IGBT. The switching
frequency of this chip is as high as 40 kHz. The series resistor connected from pinl of this
chip to the IGBT is provided for ensuring that the IGBT is protected from large spikes that are
generated at the collector terminal.

The EXB840 has an inbuilt Overcurrent Protection Circuit (OVP). This monitors the current
that flows through of the IGBT and thus the switching ON of the optoisolator H11L1 that has
a logic output. A large current flow through the collector is detected from the relation of the
gate drive signal and the voltage at the collector. A large current is considered present
whenever the collector voltage is higher than the gate drive voltage. This optoisolator is
powered from the separate power source and is fed into the OVP of the EXB840. The flow of
a large current throuch the collector of the IGBT triggers the flow of current in the OVP
consequently turning the H11L1 ON. This results in the Q#-OC ALARM for the respective
IGBT ON. The capacitors placed across the pin 1 and 2 of the EXB840 are used absorbing the
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2.8 Hardware Protection

The hardware protection logic has to automatically disable the inverter’s power stage in the
event any of the IGBT’s have gone out of saturation, i.e., an external short was placed on the
H-Bridge which was so severe that an appreciable voltage was developed across one of the
switches that was on. This feature prevents a short from immediately destroying the switching
devices. As long as none of the out-of-saturation signals (Q9/Q10/Q11/Q12 OC Alarm) are
LOW, the power stage can be enabled. When the PIC17C43 is first powered up, the ENABLE
line (PORTC, bit0) will be in a high impedance state. A pull-down resistor keeps the
ENABLE line held I.2W so that any spurious signals which may be generated while the
system is initializing will not drive the H-Bridge. If any of the out-of-saturation signals go
LOW, the FAULT sicnal goes HIGH, reporting to the PIC17C43 that an external fault
occurred. This wil! ¢i:able the H-Bridge.The inverter may be re-enabled by cycling the
ENABLE line LOW an:! then HIGH to reset the flip-flop and allow the PIC17C43 to drive the
H-Bridge again. The 1':C17C43 microcontroller and hardware protection circuits are found on

the Inverter Contro! Cord. IGBT driver circuits are found on the Inverter Drive Card.

2.9 Analog to Digi:ul - -nverter

Feedback of the ontput AC sine wave is accomplished through the use of an external 8-bit
A/D converter. An 3- 1t A/D is considered adequate based on the speed of operation of the
PIC17C43 and the r2¢ -!:tion needed for 120V. Both the output current and output voltage are
monitored through i1 .. " converter. The voltage is sensed at the output stage and is fed to
the A/D through ar ¢ amp circuit. The voltage is attenuated to the A/D input range. An op
amp is used so tho: & DC offset components remain with the signal and can be measured.

The current is mon:ity <! through a current transformer (refer to figure2.1)

2.10 PIC17C43 (1:ic. . satroller)

2.10.1 Descriptio: " microcontroller
The PIC17C43 is ©: :  : ~hip 40 pin microcontroller/microprocessor with an EPROM of 4
kilobytes and a R © "~ i bytes. It’s a 16 bit wide word instruction and 8-bit wide data it

has a clock input = :cv of 33 MHz and 121 nanoseconds instruction cycle with 33
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input/output pins. Pin RA2 and RA3 are the open drain high voltage pins. The pulse width

modulation (PWM) pin which gives advantage of using this microcontroller in devices that
require PWM applications and thus its use in this UPS for the control the inverter. The PWM
resolution is 1to 10 bit. The high RAM and EPROM provide a large memory capacity for
programming. This microcontroller has a macro assembler, software simulator, an inbuilt

emulator, a universal programmer and ‘C’ compiler .[7]

2.10.2 Pin description

The most important feature for the use of this microcontroller is its programmability. Thus
pin configuration is important to understand. The pins are classified by the manufacturer into
parts namely PortA, PortB, PortC, PortD and PortE. Table 2.8.2 shows the classification of
these pins. Ports A and B are multiplexed with peripheral features of the chip which are the
timer module, capture module and PWM module.

Interrupt handling of the PIC17C43 is done through four registers namely perilﬁheral interrupt
enable register (PIE), interrupt status register (INTSTA), peripheral interrupt register request
(PIR). The INTSTA records the individual interrupts. This is used to control most of the
interrupts to be handle by this microcontroller.

The Ports B, Port C, and Port D due to their properties are used for programming of the
microcontroller. The software used determines the configuration of ports and pins. The other
pins of interest are the PWM pins used in determining the quality of the output voltage for the
H-bridge. This microcontroller has two PWM. These pins use the TMR1 and TMR?2 for their

generation.
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Name 323 p;;g( ?"‘::f "T")?[;z B.[};g:" Description
OB A LRER 18 21 327 ¥ 8F Creciliator input N orystaivescnator of RO osciiator mode.
Ewxrarma] clock inpat in externat clock madea.
(OSO2HCLKOIST 20 22 28 o -— Crsciliator outpial. Connects o orysial or resonaiorn N Crysia
cscitator modge. In RC oscillawer or external clock modes
OHCZ pin outouts CLKOUT wwhich has one fourth the fre-
gquency of OSC1 and denctes the insiruclion cycle rate
TACLRAVEFR 32 2=t T W ST MASISr Cie@ar (Freset) IRpUtProgramiming VYollage (VFP) sput
This i e active icw resst input to the i
SORTA s a hi-diractionai 1O Part except for RAC and RA1
wihich ara ingput oniy
RAQANT 28 2% <4 i a7 RAGANT can aiso be sefected as an external intaerrus?
input, inaerrupt can be canfigured o He on pasitive or
negatve edae
RASTIOKE 25 i %3 % BT RANTOCK: can alza e selectad a3 an externat interrunst
o, and e interrunt can He configured 1o e on oS-
tive or negative edge. RATTOCK!E can also bhe selectad
10 e the clock input 1o the Timerd tirmerfcountes,
RAZ e} 28 4z 15 3T H}g.z‘s voltage, gh current, ogen drain iNPutfowlout Oors
ins.
RA2 273 25 4% [EL ] 3 High vollage, Bigh current, open Sraiy FaTntPiisurEisnlN) nles o4
pins
RAGLRXIDT 22 ) 40 14520 27 RAARIGCDT can also he sslected as the USART (3CI)
Asynchronous Receive of LSART {(50C1) Synchronous
Tata.
RASSTXRICK 21 23 39 [Epw] ST RASITX/CK can aiss e selectad as the USART (531
Ssynchronous Transimit or USART (SC Y Synohrosssus
Clock.
PORTE is a hi-directianal 1HD Port with softwars configuralile
weak puli-ups.
RBMTAPRT 11 43 2% 1y ST REBMCAFY can aise he the CAP1 input pin,
RB1ICAF2 12 k] 20 146D =T RE1#4SAF2 can aiso e the CAPZ mput pin
RBZ/PWML 12 15 31 [} BT REBZ/PWRMY can alsa e the PWRT ouwtout oin.
REBPAIZ 14 L] 22 £ 2T REWPWRIZ carn also e the PUWR2 output pin.
RBATCLKZ 15 17 23 12O 87 RB4/TOLKAZ can also he the external cicck input 1o
Timert and Tioer2
RBSTCLKS 19 T 24 LD 2T RES/TCLK3 can aiso be the external clock ingut to
Tinwers.
RBS 1T R 3= 36 16 57
RB87 1A 20 35 140 ST
PORTC s @ ki-girectional MO Port.
RCOADO 2 3 19 ey TTL This is aleo the owers half of the 1E-hit wikie system Hus
RC1/AD - 4 20 145 TTL 1 NUCrOEIOCessScr e OF extended micraccntrisier
RC2:4002 & 5 0w TTL moda i maltiplexed system ‘(.uus ccrlffgurat}ic:n,‘mefs,e
RO3ADS 5 5 1y TL pins are aduress output s well &3 datd gt or ot
RO4:AD4 [} 7 17O TTL
RCS/A0D5 T 8 12 TTL
Ce/ADG =1 (e 15 TTL T
RC7:4007 S 10 1462 TTL

[7]

2.10.3 Inverter Control Card

The inverter control card is made of four circuits that are given in the figures2.10.2. The

inverter control card is mainly centered on the PIC17C43 microchip. The circuit is referred to

as the inverter control card though it controls all the circuits in the UPS. The other main

features of this control card are the ADC10154CIN (analog to digital control) for monitoring

the output current and voltage magnitudes, the CXT171 (clock setting) and the 74HC4040

ripple counter for setting the frequency for the synchronizing circuits. The CTX171

determines the frequency of the microcontroller as well as the ripple counter 74HC4040. The

microcontroller and the ripple counter are set to the same frequency so that they work in

synchronous.
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Figure2.10.2 Inverter Control Card

The control of the inverter circuit is mainly by the PIC17C43. The associated components of
the inverter control card determine the overall performance of the UPS. The operational
amplifier LM158 determine the errors in the magnitude of the output voltage and current. The
output voltage and currents are sensed through the voltage and current transformers shown in
the system overview (figure2.2). The current is sensed through the Csense ( figure2.10.2) and
the voltage as Osense .The LT1013CN8 dual precision operational amplifiers help to control
the magnitude of the output current and voltage as they feed the AD10154. Conversion of the
analog output voltage and current into digital by A/D ensures that a comparison is made with

input voltage through the PIC17C43. The zero crossing levels are detected from the output
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waveform and this results in the determination of any DC offsets needed to correct the

magnitude of the output voltage and current magnitude. The LM158 monitoring the A/D
voltages for the output, has a minimum voltage of —5V. The voltage from the A/D that is
compared with this Lm158 voltage is the Vrout voltage which is used as feedback voltage for

the output voltage loop.

2.11 Software Overview

The PIC17C43 embedded software controls the operation of the AC sine wave generation. It
is imperative that the loop response be fast enough to minimize distortion on the output wave.
Therefore, the throughput of the microcontroller is a critical parameter. The architecture of the
PIC17C43 provides enough throughput to execute the control algorithm with a minimum
distortion. The architecture is efficient enough to support the device running at 33 MHz (121
ns instruction cycle), so can easily support 25 MHz (160ns instruction cycle) to meet the
distortion requirement.

The main software function looks for the zero crossing point and calculates the input
frequency. Based on the calculation, the appropriate look-up table is indexed[8]. The SW
checks for violation of maximum conditions and sets the appropriate flags. The loop
continues indefinitely based on the zero crossing detect. Information on how the look-up table
is generated is provided in the first subsection. The interrupt is set up to occur periodically
based on the output frequency of the wave. The interrupt period is initialized so that 32
interrupts occur within the half-wave period. During the interrupt, there must be sufficient
margin to perform two A/D conversions (current and voltage), calculate offsets and errors,
and adjust the output duty cycle. Adjusting the AC output waveform requires adjusting the
PWM that controls the inverter circuitry (H-Bridge).

To do this, compensator coefficients need to be determined. That is, in pseudocode:

X = (Output_V) - Vref;

Y =c * Yold + d(X + Xold);

Yold=Y;
Xold = X;
Where

Y = output; X = error.

The error in the output is used to also determine the Dc offsets
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Chapter3

Expected results

The voltages from the main busses expected are as follows. The DC bus which is the main
bus from the battery boost circuit is designed to carry a voltage of 360V. This voltage is lower
than that from the rectifier which is 380V .The purpose of this is to ensure that during normal

operation the UPS supplies power from the utility.

The free running chopper is designed to produce the square wave that is twice in magnitude

that from the battery boost hence the magnitude is 720V. The duty cycle of this wave is set at
45%.

The results expected from the inverter is a sinusoidal wave. A purely resistive load has
current waveform that is similar to the input. The input voltage to the UPS is a sine wave

hence the current should follow the same pattern.
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Chapter 4

4.1 Discussion

The major challenges in the analysis of the UPS circuits functions in largely dependent on the
integrated components used. The variuos circuits require an intensive study of the data sheets
of the particular ICs used. The designers thus follow a systematic approach. Thus to fully
understand the given UPS one must read through the specifications of the sytem so that when
the UPS is fully developed its these specifications against which the results obtained should
be compared. The UPS was not developed hence the performance of the UPS could not be

evaluated

4.2 Conclusion

Analysis of the circuits in the UPS requires a huge investment in reading the data sheets of
particular components present in the circuits. The various circuits may employ certain
integrated circuits which are same but are performing different functions depending on the
circuit in which they have been used. )

The design of UPS system require that the system responds to the utility power failure in a
short period of time. The design always ensures that high frequency switching devices are
used. This could be seen from the use of many chips which have high operating frequencies.
The micro controller based UPS has advantages of reducing on the number of components to
be used. Micro controllers have a high control of the circuits using the software embedded in

them. Alterations of the functions of certain circuits can be achieved through changing the

software.
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APPENDIX A
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Appendix B

main()
*
* Description: The main routine initializes the registers and loops

* forever. All control is handled in the TMRO INT

* routine.

*

*

* Input Variables: NONE

*

* Output Variables: NONE

// This table yields Full VRMS input

unsigned char const pwmtab[32]={0,25,50,74,98,120,142,162,180,197,212,
225,235,244,250,254,255,254,250,244,235,
225212,197,180,162,142,120,98,74,50,25};

#endif

#ifdef FEEDBACK

// This table yields slightly less than Full VRMS input

unsigned char const pwmtab[32]={0,20,40,60,79,97,1 14,131,145,159,171,
181,189,197,202,205,206,205,202,197,189,
181,171,159,145,131,114,97,79,60,40,20};

#endif

long read_ad(unsigned char); // Prototype for A/D converter function
unsigned char index; // Index into the sinewave reference table

unsigned char sign; // Flag used to unfold sinewave reference table

long reference; // Value of the sinewave refrence after unfolding

unsigned char reference lo @ reference; // V1.21 of Compiler does not type cast unsigned

// char to long so we will write to low byte separately
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long out_volt; / Magnitude of the output voltage;
long y; // Variables used in compensation routine
long yold;

long x;

long xold;

long ad_value; // A/D Converter Value

void main(void)

{

CLRWDTY();

PORTC = 0; // Zero out portc latches

DDRC = 0x22; // Set up Data direction register for C
DDRB = 0; // Set up Data direction register for B

PR1 = OxFF; // Setup PR1 register (24.4Khz @ 25Mhz clk)

PWI1DCL = 0; // Set low bits of PWM to 0
PWI1DCH = 0; // Init PWM duty cycle to 0
TOSTA = 0x20; // Configure Timer0 prescaler
INTSTA.TOIE = 1, // Enable Timer O interrupt
TCON1.TMRICS = 0;
TCON1.T16 = 0;
TCON2.TMRI1ON = 1; // Start timer 1 (PWM timer)
TCON2.PWMION = 1; // Turn on the PWM
CPUSTA.GLINTD = 0; // Unmask the interrupts
index = 0; // Initialize variables
sign = 0;
y=0;
yold = 0;
x =0;
xold = 0;
PORTC.0 = 1; // Enable the Inverter
while(1); // Loop forever, execute in INT Routine
}
#ifdef FEEDBACK
__TMRO() // Timer interrupt

37
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{

TOSTA.TOCS = 0; // Stop timer

PORTB.7=1,

#ifdef 60Hz

TMROL=0xAS;

TMROH=0xF9; // Make Timer0 interrupt at 3.84KHz for 60Hz output
#endif

#ifdef SOHz

TMROL=0x5F; // Make Timer0 interrupt at 3.20KHz for 50Hz output
TMROH=0xF3;

#endif
TOSTA.TOCS = 1; // Start timer

CLRWDT();

reference = 0; // Clear Reference Value

reference_lo = pwmtab[index]; // Lookup the value of the sinewave reference
if (tindex) // Toggle Sign Every Cycle Through table

sign = ~sign, .
++index; // Increment index

if (index == 32) // If end of table, reset counter

index = 0;

if (sign) // If negative going wave

{

reference = ~reference; // V1.21 of Compiler negate (-ref) doesn’t work for
reference = reference + 1; // ref<=0

J

ad_value = read_ad(0);

out_volt = ad_value - 512;// Read output voltage (512 counts=0 volts out)
// Form the expression y = yold + (0.09261 * (x + xold))

// Where yold, xold is the value of y, x from the previous sample

// x is the <error signal>, formed by the difference between the output

// of the inverter and the reference signal.

x = out_volt - reference;



y = ((x + xold) * 24);

y=y/256;

y =y + yold;

if (y>=0)

{

PORTC.2 = 0; // Set positive going cycle
} else

{

PORTC.2 = 1; // Set negative going cycle
Y=~y

y=y+1

}

if (y > 255)

y =255; // Limit y

PWI1DCH =y; // Update duty cycle

xold = x; // Store previous sample’s state
yold =y;

PORTB.7=0;

}

#endif

#ifdef OPEN_LOOP

// The inverter runs in an open loop mode with OPEN_LOOP defined.
__TMRO() // Timer interrupt

{

TOSTA.TOCS = 0; // Stop timer

#ifdef 60Hz

TMROL=0xAS;

TMROH=0xF9; //Make Timer0 interrupt at 3.84KHz for 60Hz output
#endif

#ifdef 50Hz

TMROL=0x5F; //Make TimerO interrupt at 3.20KHz for SOHz output
TMROH=0xFS8;

#endif



TOSTA.TOCS=1; //Start timer
CLRWDT();

PWI1DCH = pwmtab[index];

if (index)

{

PORTC.0 = 0; // Gate Drive off

PORTC.2 = ~PORTC.2; // Flip Pos/Neg bit
PORTC.0 =1, // Gate Drive on

}

++index;

if (index == 32)

index = 0;

PORTC.3 = ~PORTC.3; / Toggle bit to test freq.
}

#endif

long read_ad(unsigned char channel)

{

long result;

PORTC.6 = 1; // Write bit high

PORTC.7 = 1; // Read bit high

PORTC.4 = 1; // Chip select high

DDRD = 0; // Make PORTD an output

PORTD = 0x04; // Single ended mode signed 10 bit chan 0 Right justified
PORTC.4 = 0; // Select chip

PORTC.6 =0; // latch command word int A/D
PORTC.6 = 1; // Start conversion

PORTC.4 = 1; // Deselect chip

while (PORTC.5); // Wait for conversion to complete
DDRD = 0xFF; // Make PORTD an input
PORTC.4 = 0; // Select chip

PORTC.7 = 0; // Read high byte

*( ((unsigned char*)&result) + 1) = PORTD;
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PORTC.7 =1;

PORTC.4=1;

PORTC.4 =0;

PORTC.7 = 0; // Read low byte

*( ((unsigned char*)&result) ) = PORTD,
PORTC.7 =1,

PORTC.4 = 1; // Reset chip select lines

return (result); // Return data

}
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