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ABSTRACT

The main aim of this thesis is to propose, design, simulate and build a new UPS system
which can be used for compact applications. The idea of the proposed system is to operate
the transformers within the UPS at high frequency so that the size and the weight are kept to
minimum. In order to achieve this aim, the transformer within the UPS system is operated at
high frequency; however it also carries two 50 Hz waveforms at 180 phase shift so that the
transformer does not see this 50 Hz frequency. A cycloconverter is then used to reconstruct

the 50 Hz waveform for the UPS output.

The UPS system is simulated using PSPICE software at high frequency link of 500 Hz,
1 kHz, 5 kHz and 10 kHz. The simulation results show that the transformer only passes the
high frequency component while the 50 Hz frequency is ‘hidden’ within the transformer.
The proposed UPS system is then built using MOSFETSs IRF740 as the main switches for the
inverter and cycloconverter circuits. A Chipkit-uno32-development-board is used to control
the MOSFET switches. Simulated and practical results show the viability of the proposed

UPS system.
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CHAPTER 1: INTRODUCTION




1.1 General

According to a Copper Development Association survey [1], power quality problems cost
British industry £200 million/year. Consequential losses of a single failure on critical
systems may easily exceed this value. In USA $50 billion per year is lost as a result of power
quality breakdown [1]. This large amount of money is mainly insurance compensations due
to power failure or due to poor quality of the power supplied to critical loads. With the
increase number of non-linear loads (computers, TV sets, etc.), this power quality problem
will only get worse. Some critical loads require zero tolerance particularly in computer
systems as they are getting more and more essential in the daily life and so many critical
applications (money transactions, on-line shopping, etc.) will severely be affected by any

type of interruption in the power supply.

Also size of computers is getting smaller and smaller and the traditional Uninterruptable
power supplies (UPS) used in large computers are not appropriate for modern compact
computers. Unfortunately the rate of development in UPS systems is not as fast as the rate of
development in computers, and there is urgent need for compact and light UPS systems

which can be used or even integrated in modern computers.

In this thesis, a new proposed UPS system is introduced in order to fulfil the need for a small,

light and compact UPS topology.

1.2 Thesis aim and objectives

The main aim of this thesis is to design and build a compact and light UPS system which can
be either integrated or be used alongside modern personal computers. In order to achieve this

aim, the following objective are set:



- Review existing UPS systems

- Propose some configuration

- Analyse different parts within the UPS system
- Simulate the circuits used

- Build and test the proposed circuit with the appropriate controller

1.3 Structure of the thesis

The thesis is divided into six chapters. This is the introductory chapter which gives a brief
argument for the need of the proposed UPS system. This chapter also contain the aim and
objectives as well as the structure of the thesis.

Chapter 2 contains the literature review on available types of UPS systems in the market. It
shows the principle of operations as well as the advantages and limitations of some of the
main types of UPS systems. The reviewed UPS systems are then critically analysed and

presented.

In order to see how the size and weight of the UPS system can be reduced, the internal
distribution of existing UPS systems is analysed and the transformer is identified as the prime
target for the size reduction. Chapter 3 gives an insight view on the internal distribution in
on-line UPS system, with the mathematical justification for targeting the transformer. The

proposed UPS system is also introduced in the same Chapter.

Chapter 4 contains the design and simulation of the proposed HF UPS system. The chapter
contains simulation results to justify the claim that the 50Hz component can be ‘hidden’

within the transformer and then ‘revealed’ at the final output.



The practical work and the microcontroller are covered in Chapter 5. The chapter contain the

layout of the driver and power circuits as well as the microcontroller layout.

Chapter 6 contains the conclusions of the thesis. Difficulties encountered during the
execution of this research work are also reported in the conclusions. Chapter 6 also include

the future work which has been risen as a result of this research work.

A comprehensive list of references followed by 6 Appendices are given at the end of the

thesis.



CHAPTER 2: LITERATURE
REVIEW




2.1 Introduction

Power supply consistency demand has been the essential intention for any electrical and
electronics existing or even proposal future project and as the usage of the electrical power
supply rose up the significance of UPS also has increased.

This chapter contains in depth literature review on types of UPS systems. The chapter shows
the evolution of rotary and static UPS systems. Also the advantages and applications of
different UPS systems are critically reviewed. UPS can be classified into DC and AC UPS
systems as shown in Fig. 2.1. DC UPS is well used in the communication industry, while the
AC types are mainly used within the power industry. In both types the main source is an
AC. In DC UPS systems the mains supply is rectified and filtered in order to provide the

required DC supply. Both types are discussed in the following sections in more details.

UPS Systems
|

DC UPS AC UPS

Fig. 2.1: Main classification of UPS Systems

2.2 DC UPS systems

DC UPS is mainly designed for communication devices such as hubs, switches and modems.
It provides 24V DC supply from the 240V AC mains. The main aim is to ensure a stable and
uninterrupted DC power to critical loads. DC UPS systems can be classified into 4 different
topologies, depends on the criticality of the load. These topologies are: Battery mode;
Parallel mode; Parallel mode with reducing diodes; and Changeover mode. Fig. 2.2

illustrates this classification.



DC UPS

v v v v
Battery Parallel Parallel mode Changeover
mode mode (reducing diodes) mode

Fig. 2.2: Classification of DC UPS Systems

2.2.1 Battery mode

In this mode the mains supply feeds a rectifier circuit which is used to charge one set of
batteries while the other set of batteries is supplying the load. In larger systems the rectifier
circuit could be replaced with an a.c. motor coupled with d.c. generator. As it can be seen in
Fig. 2.3, this configuration is a simple one; however, it is subjected to any interruption due to

the finite time taken by the changeover of the two switches which are used to

connect/disconnect the battery sets [2].

Mains Supply

~

v

Rotating Converter

Battery 1

¢ o Battery 2

s

?

DC Load

Fig. 2.3: Battery mode “Charge-discharge mode”




2.2.2 Parallel mode

In this type there are two main mode of operations; Floating mode and Standby parallel
mode [2].

In the floating mode the rectifier circuit (shown in Fig. 2.4) handles the load’s normal power,
though it can’t deal with peak power requirement. In this case the battery provides the power
above the rectifier rated power or the battery can supply the rush current required by some

applications.

In the standby parallel mode the rectifier always covers the load’s whole power requirement.
In both mode of operations, the battery operates as backup in case of power failure and the

DC load is supplied directly from the battery.

Mains Supply

—~

v

Rectifier

Battery

A

DC Load

Fig. 2.4: Parallel mode

In the normal operation the rectifier is fed by mains supply at constant rate of current only

and in situation of rush current the rest of current will be provided by battery set.

Standby Parallel mode: At normal operation time entire loads energy necessities is delivered
by the rectifier. Fig. 2.4 demonstrates the operation in floating mode and standby parallel

mode respectively.



2.2.3 Parallel mode with reducing-voltage diodes

In this mode of operation, the mains supplies the rectifier and the rectifier charges the battery
as well as supplying voltage to the critical DC load via a set of reducing-voltage diodes. The
battery voltage is higher than the load voltage by a value of the voltage drop across the
diodes. In case of power failure, the battery voltage supplies the load and as the battery
voltage drops the reducing-voltage diodes are taken out gradually to maintain an almost
constant load voltage. When the power returns the reducing-voltage diodes are inserted back
into the circuit gradually so maintain an almost constant load voltage. Fig. 2.5 illustrates the

circuit diagram as well as the battery and load voltage waveforms [3].

Mains Supply
Rectifier
(a) ul Battery
D,
D,
Vi
DC Load
U T
(b)
VvV —
D;in D, out D, out D, out D;in
D, in D, in D, out D, in D, in

Power Failure
Power Return -

Fig. 2.5: Parallel mode (a) Circuit diagram. (b) Voltage waveforms



2.2.4 Changeover mode

In this mode the entire load energy is provided by the operating rectifier and low rate battery
charging (Trickle charging) carried out by charging rectifier. The DC load is supplied by the
operating rectifier and the whole battery cells are charged via the charging rectifier. In case
of power failure certain sets of batteries are supplying the load; as the battery voltage drops
the rest of the battery sets are inserted via switch ‘S’ so that the load is supplied by the entire

battery sets [4]. Fig. 2.6 shows the block diagram of the changeover mode.

Mains Supply
+ [
| |
Operating Rectifier Charging Rectifier
DC Load
¢ S
L e |

Fig. 2.6: Changeover mode with battery tap

2.3  AC UPS Systems

AC UPS system can be classified into three categories: Rotary; Hybrid and Static as shown
in Fig. 2.7. They are mainly used to supply the power to critical AC loads. They could vary
from a single unit which can operate as a back-up for single computer to a whole system

which can be used as a back-up for an entire building (banks, hospitals, power operation

10



control rooms, etc.). Each of these types are discussed in the following sections with critical

evaluation of each type.

AC UPS

v v

Rotary Hybrid Static

Fig. 2.7: Classification of AC UPS Systems

2.3.1 Rotary UPS Systems

In the rotary UPS system an AC motor coupled with DC machine coupled with AC Generator
are used between the AC mains and the critical load [5-6]. As shown in Fig. 2.7, the AC
supply operates the AC motor which is coupled with DC machine (operates as generator to
charge the battery) and operate as a prime mover for the AC generator. The AC generator
then generates the required voltage and frequency for the load. In case of power failure, the
battery bank supplies energy to the DC machine (operates as motor) and the motor is coupled
with the AC generator which then drives the load. Obviously the DC battery can be replaced
with a diesel engine set for unlimited backup time (only limited by the amount of fuel used.
The static bypass switch is used to provide uninterrupted power to the load in case of UPS
failure. Also the static bypass is used during the maintenance of the UPS. The static bypass
consists mainly of two semiconductor switches connected back-to-back. A manual bypass
can also be used in case of the UPS system experiences an overload or internal failure. The
manual, maintenance or service bypass allows an engineer to isolate, maintain or remove the
UPS without interrupting power to the load. The static and maintenance bypass switches are

discussed in details later in section 2.4. Such system has the following advantages:

11



More reliable than static UPS systems (failures can be predicted easier compared to

static UPS systems)

- Transient overload capability is 300% to 600% of the full load for rapid fault clearing
(150% for static UPS).

- Good performance for non-linear loads (because of the low output impedance).

- Very low input current THD (<3%)

- LowEMI

- Efficiency is higher than 85%.

However rotary UPS systems suffers from the following disadvantages:

- It requires more maintenance (due to the rotary parts).

- Have a much larger size and weight compared to static ones.

Static switch
(bypass)

AC motor DC Machine AC Generator

AC Supply M M/G —@ Load

T
Battery bank

Fig. 2.8: Rotary UPS system

2.3.2 Hybrid (Static/Rotary) UPS Systems

In this system the AC motor is fed from the AC supply and drives the generator. The AC
generator supplies the load. The bidirectional converter, which behaves as a rectifier, charges

the battery. In case of power failure the battery supplies the AC generator via the

12



bidirectional converter, which operates as an inverter [7]. The AC motor drives the AC

generators which feeds the load. Fig. 2.9 shows the single line diagram of such system.

Static switch

(bypass)
AC Motor AC Generator
AC Supply M/G G Load
Bidirectional
AC/DC converter
_T_
Battery bank

Fig. 2.9: Hybrid (static/rotary) UPS system

The hybrid UPS system has the following advantages over the static UPS:

Low output impedance

Low THD with non-linear loads.

Higher reliability

Better isolation

The low maintenance cost (because of the missing mechanical commutator) makes this

system more attractive over the rotary UPS system.

2.3.3 Static UPS Systems

In static UPS system the main components are static ones (rectifier, inverter, transformer,
battery charger, battery, etc.) rotary parts are not used. Such system is smaller in size and
weight (for the same power rating) compared to rotary systems. It is also much less noisier

13



than rotary UPS systems. Static UPS are classified into different number of categories.

Some are classified according to power ratings; some are classified according to the presence

or absence of a short interruption time and some according to the state of the inverter within

the UPS (on-line or off-line) [8-14]. Fig. 2.10 illustrates the UPS classification according to

the inverter state which is adopted in this thesis. Each of these types is reviewed in more

details in the following sub-sections.

Static UPS

|
v v

Off-line On-line

v )

v v v )

'

Line Double

Standby Ferro . . .
interactive conversion

Delta
conversion

Fig. 2.10: Classification of Static UPS Systems

2331 Off-line UPS System

In these types of UPS the mains supply is connected directly to the load without any dc link.

In some applications filter is used to filter out any noise in the mains.

In case of power

failure the inverter which is usually off-line (hence its name) becomes active in the UPS

system. Two types of ‘off-line’ UPS system are discussed in this chapter; the Standby and

the Ferro UPS systems.

14



2.3.3.1.1 Standby Off-line UPS System

In normal operation the supply feeds the load via filtering circuit in order to remove any
distortion from the mains. The AC/DC is trickle charging the battery set. In case of power
failure or if the interruption is outside the allowable limit, then the inverter circuit inverts the
DC battery voltage to AC in order to supply the load. The AC/DC converter is rated at a
much lower power rating than the rectifier/charger in an on-line UPS system as will be shown
later in section 2.3.3.1.3. In this application the inverter is rated at 100% of the load’s
demand. The duration of the switching time depends on the starting time of the inverter. The
transfer time is usually about % line cycle which is enough for most of the applications. The
circuit topology of this system is shown in Fig. 2.11. The simple design, low cost and the
small size of this UPS make it attractive for several low power applications. However the
lack of real isolation between the load and the AC supply, the absence of the output voltage
regulation, and the poor performance with non-linear loads, limit the application of this type

of UPS to < 2kVA.

Transfer
Relay
A

Filter — Load

Y

AC Supply

Y

DC/AC
Inverter

l— Battery j

Fig. 2.11: Standby Off-line UPS System

Charger
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2.3.3.1.2 Ferro Off-line UPS System

The Ferro off-line UPS system is based on using the ferroresonant transformer as the main
unit in its design. The ferroresonance is a resonance situation between the nonlinear
inductance of the transformer and a capacitor connected to the tertiary windings [15-17]. In
this system (as shown in Fig. 2.12) the ferroresonant transformer acts as conditioner for the
mains supply during the normal mode of operation. The transformer maintains a constant
output voltage even with a varying input voltage and it provides good protection against line
noise. The ferroresonant transformer will also maintain constant output on its secondary

briefly when a total outage occurs. This UPS system has the following advantages:

Constant output voltage given substantial variations in input voltage.

Harmonic filtering capability between the power source and the load.

- The ability to ‘ride through’ brief losses in power by keeping a reserve of energy in its
resonant tank circuit.

- The ferroresonant transformers are also highly tolerant of excessive loading and

transient (momentary) voltage surges.

The ferroresonant UPS system also suffers from the following disadvantages:

- They waste a lot of energy (due to hysteresis losses in the saturated core), generating
significant heat in the process

- They are intolerant of frequency variations, which mean they don’t work very well
when powered by small engine-driven generators having poor speed regulation.

- Voltages produced in the resonant winding/capacitor circuit tend to be very high,
necessitating expensive capacitors and presenting the service technician with very

dangerous working voltage.
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AC Supply > %
% —>| Load
A > %
v Ferroresonant
Transformer
Charger DC/AC
Inverter
A
Y Battery |—
Fig. 2.12: Ferro Off-line UPS System
2.3.3.2 On-line UPS System

In this type of UPS systems the inverter is always in operation. The load should not see any
interruption due to switching over in case of power failure. The load is always fed from the
inverter either through the dc battery or from the output of the rectifier circuit. Such system
has 100% effectiveness since there is no interruption in the load. Three topologies are
derived from the On-line UPS system: Line interactive, double conversion and the delta

conversion.

2.3.3.2.1 Line Interactive On-line UPS System

This is somehow similar to the off-line UPS system. The only difference is that during the
normal operation the inverter is not completely ‘off-line” as in the case of the off-line UPS

system, but it operates as AC/DC converter in order to charge the battery. In normal
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operation the load is fed directly from the supply. In case of power failure the load is fed
from the converter which now operates as DC/AC inverter which is fed from the battery.
This system may see very small interruption due to the transition between the normal mode
and the standby mode of operations [18, 19]. Fig. 2-13 illustrates a block diagram of this

UPS system.

Transfer
Relay
A [
]
]
]
1

y

Y

AC Supply Filter — Load

DC/AC | Converter | Battery
Inverter Circuit Charger
A

—

Battery |

Fig. 2.13: Line Interactive On-line UPS System

2.3.3.2.2 Double Conversion On-line UPS System

During the normal mode of operation, the power to the load is continuously supplied via the
rectifier/charger and inverter [20, 21]. A double conversion (AC/DC and DC/AC) takes place
and it allows very good line conditioning. The AC/DC converter charges the battery set and
supplies power to the load via inverter. Therefore, it has the highest power rating in this
topology (higher cost).

When the AC input voltage is outside the preset tolerance, the inverter and battery maintain
continuity of power to the load. The duration of this mode is the duration of the preset UPS
backup time or until the AC line returns within the preset tolerance. When the AC line
returns, a phase-locked loop (PLL) makes the load voltage in phase with the input voltage
and after that the UPS system returns to the normal operating mode. Fig. 2.14 shows the

block diagram of this type of UPS system.
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The double conversion in on-line UPS system has the following advantages and

disadvantages:

Advantages:

- Very wide tolerance to the input voltage variation and very precise regulation of
output voltage.
- No transfer time during the transition from normal to stored energy mode.

- Capability of regulate or change output frequency.

Disadvantages:

- Low power factor (Due to the rectifier)
- High THD at the input (Due to the rectifier)

- Low efficiency (Due to double conversion)

U Dynamic |______ >
: Bypass :
i Rectifier Inverter i
AC Supply : > ~ > ~ Filter % Load
Battery

Fig. 2.14: Double Conversion On-line UPS System
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2.3.3.2.3 Delta Conversion On-line UPS System

Due to the disadvantages of previous UPS systems the delta conversion topology was
developed recently [22, 23]. There are two converters used in this topology, a series converter
which can be used as current regulator during the normal mode of operation, and a parallel
converter, which can be used as a voltage regulator during the normal mode of operation. In
case of power failure the circuit operates in a similar manner as the double conversion on-line
UPS system. The name ‘delta’ is derived from the fact that the UPS compensate the
difference between the input and output of the UPS system. Fig. 2.15 shows the block

diagram of delta conversion on-line UPS system.

Delta
Transfor

AC Supply

Series Parallel
Converter Converter

~ > > Load

F%E
I

A

Battery

Fig. 2.15: Delta Conversion On-line UPS System

2.4  Bypass in UPS systems

Most UPS systems employ at least one kind of bypass. The bypass could be used to connect
the mains directly to the load in case of malfunction of the UPS system (static bypass) or in
case of UPS maintenance (manual bypass). Both bypass systems are covered in the

following sections in more depth.
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2.4.1 Static Bypass

Almost all on-line UPS systems are using static bypasses [24, 25]. This is mainly a backup in
case the main line of the on-line UPS system (rectifier -dc link — battery - inverter) fails or in
case of severe overload, the static switch connects the mains to the load automatically. Also
the static switch is used to synchronise the mains with the load. The static bypass should

provide uninterrupted transfer to the mains in less than 1/4 cycle.

2.4.2 Maintenance Bypass

This maintenance bypass which is also known as a manual bypass is used after the isolation
of the UPS through the static switch in order to carry out any maintenance work [26, 27].

Fig. 2.16 shows the block diagram of the static and maintenance bypass switches.

Maintenance
Bypass

>
__________ > Static ey
’- Bypass -)‘
! Rectifier Inverter !
AC Supply : > ~ > ~ Filter Q Load
Battery

Fig. 2.16: Bypass in On-line UPS Systems
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2.5 Comparison Summary of AC UPS Systems

Different UPS systems are used for different applications. For example, a rotary UPS could
be the ideal one for power backup for buildings like hospitals and it can be placed in the
basement where there is no restriction with place and the generated noise could be confined.
On the other hand, an on-line UPS system could be used for critical loads where zero
interruption is required and also where noise is an issue. Size and weight mainly depend on
the stand by time. For example a UPS system with 10 minutes standby time is much smaller
than a UPS with 60 minutes standby time. Table 2.1 gives a brief comparison of different

types of UPS systems discussed in this chapter.

Topology / Effectiveness o Overload . . By pass
o Efficiency THD . Size / weight )
Features / reliability capability option
Effective Bulky and
L . 300% -
Rotary Unlimited Medium Very low 600Y% heavy (motor Yes
0
standby time generator sets)
V. effective
) Bulky and
. Standby time ) 300% -
Hybrid Medium Very low heavy (motor Yes
depends on 600%
generator sets)
the battery.
Standb Low. (As Bulky and
an interrupti .
. y nierruption Very high Low ~ 150% heavy No
off-line occurs during
. (Transformers)
transition)
Low. (As Bulky and
Ferro inefTuption Very high Low ~ 150% heavy No
occurs during
. (Transformers)
transition)
) Bulky and
Line . . .
) ) High High High ~ 150% heavy Yes
interactive
(Transformers)
Bulky and
Double . . .
. High High High ~ 150% heavy Yes
conversion
(Transformers)
Bulky and
Delta . .
) High Very high Low ~ 150% heavy Yes
conversion
(Transformers)

Table 2.1: Comparison Summary of AC UPS Systems
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2.6 Summary

This chapter contains literature review on types of UPS systems. The chapter discusses the
operation and the features together with the block diagrams of different types of UPS
systems. It can be seen from the comparison summary shown in Table 2.1 that the size and
weight is a common concern with all types of UPS systems. For example, as the size of
computers are getting smaller and smaller, the UPS systems used as backup for these
computers are not keeping the same pace in terms of size reduction. The proposed UPS
system in this research work is focused mainly on finding a technique in order to reduce the
size and weight of the UPS systems. In Chapter 3, the internal components of a typical on-
line UPS system are analysed in order to identify which of these component(s) can be

reduced in size/weight.
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CHAPTER 3: Internal Distribution
of On-line UPS System
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3.1 Introduction

At the end of Chapter 2 it can be seen that the large size and the heavy weight is common
feature of all UPS systems. In order to see how the reduction in size and weight of UPS
systems can be achieved, a more detail diagram of an on-line UPS system is necessary. In
this chapter a breakdown of a typical on-line UPS system is presented with investigation of

which component(s) can be reduced in size/weight.

3.2 On-line UPS Components

In a typical single-phase UPS system the mains as well as the load voltages (load connected
to the UPS) are about 240V (or 110 in USA). For safety reason the DC link should not be at
high voltage, therefore two transformers are required; one to step down the AC voltage
before rectification and the other to step up the voltage after the inverter. A typical block

diagram for such system could be presented in Fig. 3.1.

AC Supply EE e — %”g Load
Step-down T Step-up
Transformer Transformer
Battery
24V/48V/60V

Fig. 3.1: On-line transformer-based UPS System

Since the rectifier circuit converts the 240V rms single-phase AC supply into 339V DC
voltage, it is necessary to step-down the voltage before rectification so that a low voltage DC

link (24V, 48V, or 60V) can be achieved at the DC link. A step-up transformer is required to
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step up the AC voltage back into 240 after the inverter circuit. It is obvious that the
transformer is the heaviest and largest component within the UPS system and two
transformers within a single UPS will make it even heavier and bulkier. A distribution of the

components within an on-line UPS system is illustrated in Fig. 3.2

Control & Filters

2> 1

Rectifier & [~ —
Inverter |— —~g 3’% 50 Hz
Transformers
Battery 1 §E
T

Fig. 3.2: Component distribution in on-line UPS system

It is obvious that if the size and weight of the two transformers are reduced, then the size and

weight of the entire UPS system will also be reduced.

Let @ = @4, Sin wt [3.1]

Where ¢ is the flux generated within the transformer and it takes a sinusoidal shape as the

applied voltage.

The voltage developed as a result of ¢ is E where:

_N %
E=N— [3.2]
E = wN @,,,, cOs wt [3.3]
Hence E,, = % [3.4]

It can be seen from equation [3.4] that for constant Erns, @max IS proportional to 1/w .
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Since @,ax = Bmax X core cross sectional area,

Therefore, for constant Byax: Core cross sectional area of a transformer is proportional to

1/1.

The above statement is very important because it implies that by operating the transformer at

high frequency the size of the transformer core will be reduced.

For example, a 20 kHz transformer would, in theory, require a core area 400 times smaller
than a 50 Hz transformer for the same power. In practice, the transformer could not be quite
this small as the size of the windings and insulation cannot be reduced for the same power
and voltage ratings. Also a very small transformer has less surface area to dissipate the heat.
However, there is still significant reduction which can be made by operating the transformer

at higher frequency.

Fig. 3.3 shows the possible reduction if 20 kHz transformers are used. The high frequency

transformer is discussed in more details in section 3.3.

Control & Filters

> 7

Rectifier & [~g

Inverter |[—

2\l

.l 20 kHz
Transformers

Battery 1

Fig. 3.3: Possible component distribution in 20 kHz on-line UPS system

It is obvious that the input frequency is 50 Hz and the output frequency should also be 50 Hz.
The challenge is how to create a 20 kHz before and after each of the step-down and step-up

transformers and to keep the output frequency at 50 Hz.
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One way of doing that is to rectify the input AC into DC and then use an inverter to recreate
the AC but at higher frequency (say 20 kHz), then use a tertiary winding transformer high-
frequency transformer at turns ratio 1:1 to feed a cycloconverter which is connected to the
load via a filter circuit. In case of power failure the battery feeds a “DC to 20kHz AC”
inverter which feeds the same tertiary winding of the high-frequency transformer. The
transformer will operate as step-up in this occasion. Fig. 3.4 shows the block diagram for

such configuration.

HF
Transformer
AC Rectifier HF 7~ Cyclo- _
> > O > Filter |—| Load
Supply & Filter | Inverter converter
] ~ < ~ Iy
V k S ~ S ~
DC-Lin ~. ~.
N N
Inverter/ HF AC-Link LF AC-Link
Rectifier
Low voltage < _ _ . 1
DC Y
Battery

Fig. 3.4: High-frequency link UPS system (Configuration 1)

In this configuration the mains supply is converted into DC via the main rectifier circuit. The
rectifier block contains a filter circuit which is mainly used to filter out the harmonics
generated by the rectifier circuit and is fed back to the supply. In another word the filter is
used to protect the supply from the harmonics generated from the rectifier. The HF inverter
is then used to invert the DC into high frequency AC. The HF Transformer is then used to
feed the cycloconverter as well as to feed the inverter/rectifier circuit (which will operate as a
rectifier during this mode of operation) in order to charge the battery. The cycloconverter is

used to convert the HF into 50Hz component which is then filtered and supplied to the load.
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It is important to note that cycloconverters can step down an input frequency (f;) to output
frequency (f,) under the condition that f, < fj and f; is an integer multiple of f,. If a low
frequency is required to be converted to a higher frequency, then a DC link is used as the one

shown in Fig. 3.4.

Another configuration could also be used where only one inverter is used and the battery is
charged via separate battery charger as the one shown in Fig. 3.5. In this configuration the
rectifier circuit converts the AC supply into low voltage DC (using semiconductor switches
as rectifying elements). The battery is charged/trickle charged from this low DC voltage. In
the case of power failure the battery feeds the DC link via the rectifier circuit (which acts as a
direct connection between the battery and the low voltage DC link. In both modes of
operations the high frequency (HF) inverter is used to step the frequency to a higher value.
The cycloconverter is then used to configure back the 50 Hz frequency required for the load.

An output filter is used to remove any harmonics from the cycloconverter output.

Low voltage

HF
DC-Link

Transformer
|

Y

AC ,| Rectifier | ¥ HF @ Cyclo- Filter || Load

Supply | 7| & Filter Inverter converter

]

|

]

Battery ]
Charger Yo Y

HF AC-Link LF AC-Link

A

Y

Battery

Fig. 3.5: An alternative High-frequency link UPS system (Configuration 2)

Both configurations are viable, while the first one uses transformer with three windings and
two inverters, the second configuration uses transformer with two windings and one inverter.

Both configurations use rectifier circuit. While the rectifier circuit in the first configuration
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uses just diodes, the rectifier in the second configuration uses thyristors in order to achieve

the low DC voltage.

3.3  High-Frequency Transformer

Fig. 3.6 shows the flux distribution at different frequencies [28]. It can be seen that at higher

frequencies more and more core cross sectional area of the transformer becomes redundant.

Frequency 100 kHz Frequency 1000 KHz

Fig. 3.6: Magnetic flux distribution at different frequencies [28]
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For the purpose of clarifying the principle operation of the HF UPS system, a 500Hz, 1 kHz,
5 kHz and 10 kHz are used as the HF link. In practical design a higher frequency could be
used (for example 20 kHz), the maximum value of the HF could be evaluated according to
the type of the transformer used (toroidal, ferrite, iron). This is outside the scope of this
research and is recommended for future work. A toroidal amorphous metglas transformer
(AMT) is an ideal transformer for UPS applications. The material used in such transformer

has several advantages:

- High magnetic susceptibility.
- Low coercivity (intensity of the magnetic field required to reduce the
magnetization of the material to zero after the saturation point).

- High electrical resistance

Fig. 3.7 shows the toroidal transformer used in the design of the HF UPS system. Appendix

A shows full details of the transformer characteristics.

Fig. 3.7: A toroidal amorphous metglas transformer (AMT)
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3.4 Summary

In this chapter two HF based UPS system configurations have been introduced. In both
configurations the transformer is driven at high frequency and the difference between the two
configurations is mainly in the number of inverter/rectifier and in the position of the DC link.
The two HF UPS configurations are designed and analysed throughout this thesis. Also in
this chapter, a brief coverage of the HF transformer is introduced showing the inversely
relationship between the operating frequency and the core cross section area. In Chapter 4,

the full design of the HF UPS system is presented.
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CHAPTER 4: DESIGN OF THE
PROPOSED H.F. UPS
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4.1 Introduction

Both configurations introduced in Chapter 3, use a HF link. The second configuration
(shown in Fig. 3.5) is the one which is analysed fully in this chapter. It comprises a
controlled rectifier circuit, a HF inverter and a cycloconverter circuit. Each of these circuits
is designed and analysed in depth in this chapter with PSPICE simulation applied to all

circuits. The design include harmonic analysis for each circuit.

4.2  Design and Analysis of Rectifier Circuit in HF UPS

It is required from the rectification process in the HF UPS to convert high voltage AC into
low voltage DC. This is achieved by diode rectifier circuit in configuration 1. The rectifier
consists of 4 diodes in a bridge configuration. The output voltage of the bridge rectifier is

uncontrollable. Fig. 4.1 shows the circuit diagram of the rectifier circuit.

lk

Fig. 4.1: Rectifier circuit used in UPS (Diodes in configuration 1
and Thyristors in configuration 2)
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The ripple component “r’ of the output voltage depends on the load resistor ‘R.’ as well as
the value of the smoothing capacitor ‘C’ and of course the frequency of the ripple voltage.

The ripple voltage can be expressed as:

1 1
"= 37 FRic [4.1]

The average voltage of the output of the rectifier circuit is equal to the maximum voltage less

the average ripple component and it can be expressed as:

Vmax
Vac = Vinax — m [4-2]

Equation 2 shows that the output voltage of the rectifier circuit is a function of the load
resistor, smoothing capacitor and the output ripple frequency (twice the supply frequency).

Fig 4.2 illustrates the output and input voltage waveforms using PSPICE program.

o ViDs:z,

Fig. 4.2: Input and output of rectifier in UPS configuration 1
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In UPS system — configuration 2, the output voltage of the rectifier circuit need to be
controllable since the turn’s ratio of the HF transformer is 1:1; so that the reduction in the
voltage is mainly achieved through the rectifier circuit. The diodes in Fig. 4.1 are replaced
with thyristors and the output voltage is controlled by controlling the thyristors triggering

angle ‘a’. The output voltage of the thyristors rectifier can be derived from the following

equations:
1 m .
Vac = = J., Vimax sin6 dé [4.3]
Vimax T
Vae = =+ [— cosO]% [4.4]
Vie = Umax [1+ cosa] [4.5]

The output voltage V. is plotted against the triggering angle ‘o’ and is shown in Fig. 4.3. By

selecting the appropriate angle the desired V. is obtained.

0.4 \
0.3 \
0.2 \

Per Unit Vg

Fig. 4.3: Per unit Output voltage from the rectifier circuit in UPS configuration 2
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4.3  Design and Analysis of Inverter circuit in HF UPS

The inverter circuit (shown in Fig. 4.4) consists of four semiconductor switches (MOSFETs
IRF740 used in this inverter). Switches S; & S3 are controlled during the positive half cycle
of the output voltage and S, & S, are controlled during the negative half cycle. The manner
in which the switches are controlled falls into two main categories: Uniform Pulse Width

Modulation (UPWM) and Sinusoidal Pulse Width Modulation (SPWM).

S s2
|:|—||< |:|—||<
H H

IRF740 IRF740
Vdc
. RLoad
Sov = ANV
- 1k
S4 [ S3 [
= D—| =
|_
IRF740 IRF740

Fig. 4.4: Bridge Inverter using MOSFETSs

In UPWM switches S; & S3 (or S; & S4) are controlled several times (My), where Mk is the
switching or carrier frequency (f.) / the output frequency (fs) and is called frequency
modulation. The generation of the control pulses is carried out either through hardware circuit
or software programme using micro controller. This is discussed in details in Chapter 5.
However in this section the control pulses are discussed regardless of the method of

generation.
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4.3.1 UPWM Applied to Inverter Circuit — Calculated Results

The UPWM is generated by comparing a variable DC voltage with a triangular waveform.
The two signals are compared using OpAmp as a comparator and the output of the OpAmp is
applied to the MOSFET driver circuits. By controlling the DC level the width of the pulses
are controlled and hence the level of the output voltage is also controlled. The frequency of
the triangular (or carrier) waveform (f;) controls the switching frequency. Although it has no
impact on the output voltage but it has an important effect on the Total Harmonic Distortion
(THD). Fig. 4.5 illustrates how the control pulses in UPWM are generated. The ratio of the
amplitude of the square waveform (As) to the peak value of the triangular (or carrier)

waveform (A.) is referred to as the amplitude modulation of the switch ‘Ma’.

Carrier frequency (f.) Output frequency (f;)
y N \\ II
\4 ' 4\
¥ |
A VA
[ !
v ¥ > t
A
» t
— _/ — _/
~— ~
Control pulses for S; and S; Control pulses for S, and S,
Output Voltage

v
—+

Fig. 4.5: Generation of the control pulses in UPWM Inverter
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The total rms of the output voltage in the UPWM inverter circuit can be calculated from the
following equation:

q@[ﬂEéEEEﬂlzzloo x JA-Mp [4.6]

c

The graphs in Fig. 4.6 show the total rms of the output voltage. It is obvious from this graph
that the total output voltage increases as Ma of the switches decrease. ‘Ma’ can be selected
for the desired output voltage either through a look-up table or closed loop control and this is
discussed in Chapter 5. The total output voltage is train of positive and negative pulses and
equation 6 gives the total rms of this train of pulses. However, the useful power delivered by
the inverter is only the fundamental power. Other harmonic voltage waveforms do not
contribute to the useful power and it may cause all sort of problems (noise, heating, vibration,
etc.) to the load. Therefore it is important to calculate the fundamental component of the
output voltage as well as the individual harmonic components. In doing that the useful power
can be precisely calculated and the harmonic power can be identified for the filter calculation

purpose.

0.9
0.8 T~
0.7 T~

0.6 N

. -
: ~

Fig. 4.6: Per-unit output voltage

as function of the switches

03 N\

Per-unit output voltage

02 AN

amplitude modulation.

0.1

MA
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The equation for the fundamental or any n™ component of the output voltage can be

expressed by equation 7.

M

—
2
% rms(n) _ 22 sinl n_= L=MA) Z sin n(2k+1)i % 100 [4.7]

It is clear from equation 4.7 that the fundamental component and each individual harmonic is
influenced by both the amplitude and the frequency modulations. For example if the 3"
harmonic (150Hz) is to be calculated in equation 4.7 for a 50% M and 10 My, equation 4.7

becomes:

10
=1
2
0 MMS@rd) _ | 242 sin(31(1—0-5)j 3 sin(n(2k+1)£) x 100 [4.8]
Vdc 37 10 k=0 10

The graphs shown in Figs. 4.7 to 4.9 illustrate the variation of the % fundamental output
voltage (percentage of the DC input voltage) as function of the amplitude modulation for
various frequency modulations. It shows that the frequency modulation has almost no effect
on the fundamental component. The fundamental in these graphs are shown for values of My

from 3 to 20.

Fig. 4.7: Percentage of the
fundamental voltage
component for modulation
indices from 3 to 9.

% V1

V1 rms (Mf=3)
e—\/1 rms (Mf=4)
= \/1 rms (Mf=5)
=—\/1 rms (Mf=6)
V1 rms (Mf=7)

0.2

0.4
MA

0.6

0.8

e=\/1 rms (Mf=8)
V1 rms (Mf=9)
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Instead of working each individual harmonic in the output of the inverter circuit, the total

harmonic distortion is evaluated using the following equation:

Total Harmonic Distortion (T.H.D) = \% [4.9]
1
where,
or Vi = V& -V [4.10]
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The total harmonic distortions for different frequency modulation are given in Figs. 4.10 to

4.12.
350
/
300
250 / THD (Mf=3)
Fig. 4.10: Calculated 2 200 / THD (Mf=4)
percentage of the Total = /
A X 150 THD (Mf=5)
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(THD) for modulation 100 _— THD (Mf=6)
indices from 3 to 8. >0 THD (Mf=7)
0 THD (Mf=8)
0 0.5 1
MA
350
/
300
Fig. 4.11: Calculated 250 // THD (Mf=9)
percentage of the Total 2 200 THD (Mf=10)
Harmonic Distortion s 150 / THD (Mf=11)
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0 THD (Mf=14)
0 0.5 1
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It can be seen from these figures that the THD has the same profile for different frequency
modulations. Also for high amplitude modulations (small pulse width) the THD increases.
The question could be: Why the frequency modulation is changed if the profile of the THD
is the same? The answer to this question is that although the THD is constant (for a given
value of amplitude modulation), the profile of individual harmonics are not the same for

different frequency modulations.

4.3.2 UPWM Applied to Inverter Circuit — Simulated Results

The UPWM inverter circuit is simulated using MOSFETs IRF740 as switches. First the
control pulses are generated by comparing square and triangular waveforms as shown in Figs.
4.13 and 4.14. The Amplitude modulation is controlled through the ratio of the DC voltage
level to the amplitude of the triangular waveform. The control pulses are then applied to the
MOSFET driver circuits. The amplitude modulation (Ma) shown in Fig. 4.13 is 0.4 (4V DC/
10V). The simulated results for the fundamental and the THD are shown in Figs. 4.15 to

4.17.

15vdc ——

vdc ,_l_

4vdc 6
R2
?O 1K
V1 =10 UA741 Q
V2 =-10 | =
D=0 V6 = 0
TR = 0.5m 15vdc —
TF = 0.5m | vs
PW = 1n =
PER = 1m = 0

Fig. 4.13: Circuit diagram for the pulse generator
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Fig. 4.14: Waveforms for the carrier, reference, and control signals
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Fig. 4.17: Simulated
percentage of the Total
Harmonic Distortion
(THD) for modulation
indices from 15 to 20.

4.3.3 SPWM Applied to Inverter Circuit — Calculated Results

The SPWM s generated by comparing a sinusoidal voltage signal with a triangular
waveform. The two signals are compared using OpAmp as a comparator and the output of
the OpAmp is applied to the MOSFET driver circuits. By controlling the AC amplitude the
width of the pulses are controlled and hence the level of the output voltage is also controlled
(each pulse will have different width within the quarter of the cycle). The frequency of the
triangular (or carrier) waveform (f;) controls the switching frequency. Although it has no
impact on the output voltage but is has an important effect on the Total Harmonic Distortion
(THD). Fig. 4.18 illustrates how the control pulses in SPWM are generated. The ratio of the
amplitude of the sinusoidal waveform (As) to the peak value of the triangular (or carrier)

waveform (A.) is referred to as the amplitude modulation of the switch ‘Ma’. The output
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voltage for each individual harmonic can be expressed as:
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The percentage of total rms of the output voltage can be expressed as:

Mf
rms 2 2 ) ]
% —— =100 x — Z(azp—azp_l) if Mf IS even
[ (M -1
rms 2 2 i . .
% ——=100x ||=| > (azp—azpa)+- —am, if M is odd

Total Harmonic Distortion (T.H.D) = \%
1

or  Vy = V2 -V

Carrier frequency (f,
R (j y (f) Output frequency (f;)

i i

[4.12]
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Fig. 4.18: Generation of the control pulses in SPWM Inverter
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Equations 4.12 and 4.13 are used to plot the total rms for the inverter circuit. The graphs are
shown in Figs. 4.19 — 4.22. For Mf 1, the waveform is different because the pulse is just a
single pulse and there are no gaps between individual pulses.

Fig. 4.19: Calculated
total rms of the output
voltage in SPWM for
modulation indices from
1to 2.

Fig. 4.20: Calculated total
rms of the output voltage in
SPWM for modulation
indices from 3 to 8.

Fig. 4.21: Calculated total
rms of the output voltage in
SPWM for modulation
indices from 9 to 14.
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Fig. 4.22: Calculated total
rms of the output voltage in
SPWM for modulation
indices from 15 to 20.
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The rms of the fundamental component in the SPWM inverter is also plotted using equation
4.11. The values of ‘o;’ in equation 4.11 are the start and end of each individual pulse. For
example if there are 6 pulses in each half cycle (as shown in Fig. 4.18) there will be 12 values

of ‘a’s ai, o, O3, . . ., O

modulations (M).

Fig. 4.23: Calculated RMS

of the fundamental
component of the output
voltage in SPWM for

modulation indices from 1

to 2.

Fig. 4.24: Calculated RMS

of the fundamental
component of the output
voltage in SPWM for

modulation indices from 3

to 8.

Figs 4.23 — 4.26 illustrate V1 rms at different frequency
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Equations 4.15 and 4.16 are used to plot the THD of the inverter circuit. The waveforms of
the THD are shown in Figs. 4.27 — 4.30 for different frequency modulations (M;). The THD
for M¢ = 1 is different from other THD curves because this is a single pulse and there is no
variation between pulse widths. The reason that the THD for the other curves are similar is
because the power within the harmonics can be shifted along the frequency spectra but it does
not go away. Although the THD is similar for different values of M; , the low order
harmonics can be suppressed and the high order harmonics can be easily filtered with a small

size filter components (in particularly filter inductor).
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Fig. 4.27: Calculated THD
of the output voltage in
SPWM for modulation
indices from 1 to 2.

Fig. 4.28: Calculated THD
of the output voltage in
SPWM for modulation
indices from 3 to 8.

Fig. 4.29: Calculated THD
of the output voltage in
SPWM for modulation
indices from 9 to 14.
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4.3.3 SPWM Applied to Inverter Circuit — Simulated Results

The Full bridge SPWM inverter is simulated on PSPICE using MOSFET switches IRF740
and the control pulses were generated using sine and triangular signals applied to LM741
OpAmp as a comparator. The circuit diagram is shown in Fig. 4.31 and the waveforms of the
control pulses and the output voltage waveform is shown in Fig. 4.32. The simulated results
of the THD, fundamental output voltage and the total output voltages at different frequency
modulations are identical to the calculated one and for just comparison purpose the calculated

graphs in Fig. 4.3 are reproduced using PSPICE and is shown in Fig. 4.33.
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Fig. 4.31: PSPICE simulation of the full bridge inverter using SPWM
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Fig. 4.32: PSPICE simulation of the full bridge inverter using SPWM
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Fig. 4.33: Simulated THD
of the output voltage in
SPWM for modulation
indices from 15 to 20.
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4.3.4 HF SPWM with 50Hz Integrated Component

The input frequency of the UPS system is 50 Hz and most of the loads operate at 50 Hz (in
UK). The transformer in both proposed configurations operate at high frequency (10 — 20
kHz). Therefore it is required to ‘hide’ the 50 Hz component within the high frequency while
it is transformed by the HF transformer and then reconstruct the 50 Hz again. This is
achieved with the configuration shown in Fig. 4.34. The control pulses are generated using
EXCLUSIVE OR so that the voltage across the load will only be developed when the
diagonal switches are controlled at the same time. The output of the inverter will be at high
frequency with two 50Hz component opposite to each others included in the high frequency
(3" graph in Fig. 4.35). Then a cycloconverter is used to flip the negative 50 Hz so that the
final output consists of a fundamental 50 Hz (Fig. 4.36). The output of the inverter is also
simulated for 1 kHz, 5 kHz and 10 kHz as shown in Figs. 4.37 to 4.42.. Notice the absence of

the 50Hz from the transformer spectrum.
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Fig. 4.34: Simulated circuit diagram of the inverter and cycloconverter with the control circuit
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Fig. 4.35: Control pulses (top two graphs), the transformer voltage and the output voltage of the HF UPS system

Transformer frequency = 500Hz. Output frequency (50Hz)
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Fig. 4.36: Frequency spectra of the transformer (500Hz) and the output voltages (50Hz)
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Fig. 4.37: Control pulses (top two graphs), the transformer voltage and the output voltage of the HF UPS system

Transformer frequency = 1kHz. Output frequency (50Hz)
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Fig. 4.38: Frequency spectra of the transformer (1kHz) and the output voltages (50Hz)
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Fig. 4.39: Control pulses (top two graphs), the transformer voltage and the output voltage of the HF UPS system

Transformer frequency = 5kHz. Output frequency (50Hz)
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Fig. 4.40: Frequency spectra of the transformer (5kHz) and the output voltages (50Hz)
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435 Summary

In this chapter two configurations of the HF inverters were introduced. The transformer
operates at high frequency in both configurations. The difference between them is mainly
within the rectification and the DC link. The total, fundamental and THD are evaluated for
the HF inverter at different frequency modulations and it did show that the frequency
modulation has no impact on the THD, however it has an impact on individual harmonics.
So at high frequency modulation the filtering of the low order harmonics becomes easier. A
circuit to integrate the 50Hz component within the high frequency is also simulated in this
chapter. The simulation results showed that a 50 Hz component can pass through the
transformer without the transformer realising it; which means that the transformer can be
designed for the higher frequency and hence it will be smaller in size than a similar power 50
Hz transformer. The practical results of the proposed system are introduced in the next

chapter.
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CHAPTER 5: PRACTICAL
IMPLEMENTATION OF THE
PROPOSED H.F. UPS

65



5.1 Introduction

In the previous chapter the HF UPS system was simulated on PSPICE. This chapter contains
the practical implementation of the system. The implementation of a microcontroller, driver

circuits and the power circuits (inverter & cycloconverter) are all discussed in this chapter.

5.2 Microcontroller (Chipkit-uno32-development-board)

The UPS system could be controlled using hardware or software. In the simulation results
the hardware approach was used and this is mainly due to the unavailability of the
microcontroller in PSPICE. However it was educationally very useful to use the hardware
approach in the simulation. As far as the results of the power circuits (inverter /
cycloconverter) are concerned, it will not affect the output voltage waveform if either the
hardware or software approach is used. In the practical implementation of the HF UPS
system the software approach using a microcontroller Chipkit [29] is used. The reason for
using this microcontroller is because of the ease of use, the low price and the compact design.
The Chipkit has 23 outputs which is more than enough for UPS application. Fig. 5.1 shows
the layout of the Chipkit microcontroller. A programme is written to generate the required
pulses; it is then downloaded to the Chipkit memory through USB connection. The Chipkit
(Uno32) development board is a clone of the Arduino Uno board. It has 128 KB Flash
program memory and 16 KB RAM. The Chipkit has an 80MHz frequency and it has 32-bit
processor. With reference to Fig. 5.1 the pins are determined as follow:

1)  USB Connector: This is the connection to the PC. The board is also powered from this

connection. as well as the power connection.

2)  This connection is used for the Debugging.
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3)  DC power supply connection to the board (7V — 15V).
4)  Regulated voltage (3.3V).

5)  JP1-Power Select Jumper.

6) Regulated voltage (5V).

7)  Power Connector

8)  PIC32 Microcontroller

9)  Analog Signal Connectors

10) Digital Signal and Power Connectors
11) User LED

12) Master/Slave Select Jumpers.

13) SPI Signal Connector

14) Digital Signal Connectors

15) Communications Status LEDs

16) Reset Button
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Fig. 5.1: Chipkit-uno32-development-board [29]

(http://cpc.farnell.com/digilent/chipkit-uno32/chipkit-uno32-development-board/dp/SC09963
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The programme listing for generating the PWM pulses is given in Appendix B . The
programme is simply made from several segments and each one is a set for a particular delay
times.

One pattern from the microcontroller generated at 1 kHz is shown in Fig. 5.2.

Tek  .fL @ Stop MPos: 52.90ms  SAVE/REC
+

Saving
Irnages

JEALIBL AR =

Lave
TEEOOOD.BMP

CH2 200y M 5.00rms
Ar-Jul-12 1507

Fig. 5.2: HF-PWM pulses (1 kHz) generated from the Chipkit microcontroller

5.3  Driver and Optocouplers Circuit

In order to derive MOSFETSs IRF740, driver circuits should be used. MOSFETSs are voltage
controlled devices, so a simple 5V pulse should be sufficient to drive them. However in
inverter and cycloconverter applications the driver circuits should be isolated from each
others. This is mainly because the control pulse applied to the MOSFET is connected across
the gate and source. If a driver circuit (or the power supply of the driver circuit) is shared
between two MOSFETS that means the two MOSFETS are short circuited through their
sources. Therefore for each MOSFET switch a separate Optocouplers, a driver circuit and a
power supply should be used. Fig. 5.3 shows the circuit diagram used to isolate and drive the
MOSFET switches. The Optocouplers and the MOSFET drivers used are 6N137 and

ICL7667 (datasheet shown in Appendix C).

68



0.22

L
dc—l_ ; ac

4K7 ICL7667 6

5 g] : | 470
From M 21 L7 — oG
i 1 | T [  E—
microcontroller 13 ! ! i
_______________ 5 T | MOSFET
Optoisolator MOSFET Driver S

W

4K7

Fig. 5.3: MOSFET Optoisolator and Driver Circuit

54  The Practical HF UPS System

The controller is used to generate the required control pulses according to the programme
written in Appendix B. These control pulses are optoisolated and are applied to the driver
circuits shown in Fig. 5.3. The power circuit consists of 8 IRF740 MOSFET switches
(datasheet shown in Appendix D). Four of the MOSFETSs are used for the inverter and the

other four are used for the cycloconverter.

Fig. 5.4: Inverter and Cycloconverter Switches and Drivers for the HF UPS system

69



LOAD Arcol
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Fig. 5.5: Microcontroller and load for the HF UPS system

Figs. 5.4 and 5.5 show the hardware of the UPS system.. The eight switches shown in Fig.
5.4 and the controller & the load are shown in Fig. 5.5. Fig. 5.6 shows the control pulses

generated as well as the final output voltage.
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Fig. 5.6: Control pulses and the output voltage of the proposed HF UPS System
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Fig. 5.7 illustrate the control pulses at different switching frequencies as well as the inverter

and cycloconverter output voltages
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Fig. 5.7: Control pulses for different frequencies and the output voltage of the inverter
and cycloconverter
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55 Summary

In this chapter the controller of the MOSFET switches is covered. There are so many
controllers which can be used in such applications, however the reason for selecting the
ChipKit microcontroller is mainly due to its cheap price (£23) and the ease of use. The driver
circuits and the Optocouplers are introduced in this chapter. Practical result of the final

output is demonstrated.
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CHAPTER 6: CONCLUSIONS
AND FUTURE WORK
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6.1 Conclusions

In this thesis different types of UPS system have been reviewed. It showed that the
transformer is an essential element in UPS systems and this is mainly because of the need for
isolation between the input and output as well as the need to keep the DC voltage level at low
value for safety reasons. In order to make a compact and light UPS system (the main aim of
this thesis), the step-down and step-up transformers are replaced with single high frequency
transformer. In order to reduce the size of the transformer (hence the weight), the
transformers are replaced with a single high frequency one. This is mainly because the cross
section area of the transformer is inversely proportion to its operating frequency.

In order to achieve that, two new configurations are introduced in this thesis. The basic
principle for both configuration is to step the frequency up before the transformer and then to
step it down again after the transformer. By doing that the input and output frequencies are
kept at 50 Hz while the transformer frequency is at higher frequency of 500 Hz, 1 kHz, 5 kHz
or 10 kHz..  Simulation results for different high frequency link are given in both the
analysis chapter and in Appendix E . The harmonic spectra for the transformer voltage and
the final output voltage are covered and it shows that the 50Hz component does not go

through the transformer.

Practical implementation of the proposed UPS system is presented in this thesis. A
microcontroller is used to generate the required pulses and Optocouplers & MOSFET drivers

are used to feed the appropriate drive signals to the MOSFET inverter and cycloconverter.

In general the proposed HF UPS system proved to be viable especially for compact
applications where minimising the size and the weight of the UPS system is a great

advantage. It is obvious that in the proposed HF UPS system there is one extra converter
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used, however from the size and weight consideration this is very small addition in

comparison with the transformer reduction in size and weight.

In both typical and the HF UPS systems a filter is required at the output. In the typical UPS
system the filter is needed to filter out the harmonics generated from the switching pattern of
the inverter circuit, according to the PWM carrier frequency. In HF UPS system also a filter
is needed to filter the high frequency generated within the system. This could be higher than
that of the typical UPS system and therefore easier to filter. Since filter is required in the two

cases, the filter design and analysis was not considered in this thesis.

In general the project ran smoothly apart from few obstacles. For example the simulation
was straightforward using the ideal switches (SBREAK), but when MOSFET switches were
used convergence problems start to appear within the simulation. With the growing
experience in using PSPICE such problems disappeared. The work in the Power Lab was
interrupted due to the lab refurbishment, and the electronic lab was used instead. Isolated
channel oscilloscope has to be used in this project and such oscilloscope has to be moved
between the two labs. However, that was also a good educational experience to see the effect

of isolated and non-isolated oscilloscopes in this project with so many floating grounds.

Of course the practical work was not straightforward and it took longer time than expected, to
not only build the circuit, but to get it working. The amount of the simulated and practical
results obtained is so large in volume and only few selected ones were used in this thesis

(with some more shown in Appendix E).

One conference paper was published as a result of this research work [30] (Appendix F).
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6.2 Future Work

In the simulation results the HF link used were 500 Hz, 1 kHz, 5 kHz, and 10 kHz. As it has
been demonstrated that the cross sectional area of the transformer core is inversely
proportional to the switching frequency. However, the switching losses are proportional to
the switching frequency. That means that at higher switching frequency the transformer are
getting smaller but the losses are increased. Future work could investigate the optimum
frequency for getting the correct balance between the power losses and the core area as

shown in the sketch in Fig. 6.1.

Optimum
frequency

Fig. 6.1: Transformer cross-sectional area and switching losses vs the operating
frequency

Also different types of transformer cores (ferrite, metglas, etc.) could be investigated in more

depth in order to find out which one gives the best performance at the optimum frequency.
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Appendix B:
MICROCONTROLLER PROGRAM
USED FOR GENERATING THE HF

SIGNALS
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This appendix contains the code used for generating the HF control pulses. The width of the
pulses are generated from the simulated results (Figs. 4.36, 4.38, 4.40, 4.42)

//PWM Output for Inverter

delayMicroseconds(250);
//Output Pins 12 & 13 are used ¥ (250)

//We can use ports from 1 to 13, also we

digitalWrite(13, LOW);
can use 28 to 41. There are so many grounds

digitalWrite(12, HIGH);
void setup() { lgitalWrite( )

pinMode(13, OUTPUT);

. delayMicroseconds(500);
pinMode(12, OUTPUT);

}

digitalWrite(13, HIGH);
void loop() { lgitalwrite( )

digitalWrite(12, LOW);
digitalWrite(13, LOW); 8 ( )

digitalWrite(12, HIGH);
delayMicroseconds(400);

delayMicroseconds(250);

digitalWrite(13, LOW);
//the above is for 2.5ms delay igitalWrite( )

digitalWrite(12, HIGH);

digitalWrite(13, HIGH);

delayMicroseconds(500);
digitalWrite(12, LOW); y (500)

digitalWrite(13, HIGH);
delayMicroseconds(100); 8 ( )

digitalWrite(12, LOW);

digitalWrite(13, LOW);

delay(1);
digitalWrite(12, HIGH); elay(1)

digitalWrite(13, LOW);
delayMicroseconds(500); 8 ( )

digitalWrite(12, HIGH);

digitalWrite(13, HIGH);

o ) delayMicroseconds(500);
digitalWrite(12, LOW); 90




digitalWrite(13, HIGH);

digitalWrite(12, LOW);

delay(2);

digitalWrite(13, LOW);

digitalWrite(12, HIGH);

delayMicroseconds(500);

digitalWrite(13, HIGH);

digitalWrite(12, LOW);

delay(1);

digitalWrite(13, LOW);

digitalWrite(12, HIGH);

delayMicroseconds(500);

digitalWrite(13, HIGH);

digitalWrite(12, LOW);

delayMicroseconds(400);

digitalWrite(13, LOW);
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digitalWrite(12, HIGH);

delayMicroseconds(500);

digitalWrite(13, HIGH);

digitalWrite(12, LOW);

delayMicroseconds(250);

digitalWrite(13, LOW);

digitalWrite(12, HIGH);

delayMicroseconds(500);

digitalWrite(13, HIGH);

digitalWrite(12, LOW);

delayMicroseconds(100);

digitalWrite(13, LOW);

digitalWrite(12, HIGH);

delayMicroseconds(250);

digitalWrite(13, HIGH);

digitalWrite(12, LOW);

}
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Features

m Veary high spead — 10 MBit's

m Suparior CMR — 10 kV/ps

m Double working voltage-480Y

m Fan-out of 8 over 407G fo +85°C
m Logic gate output

m Strobabla output

m Wired OR-open collactor

m UL recognized (File & EQ0T00)

Applications

m Ground loop elimination

m LSTTL toTTL, LSTTL or 5-wol CMOS
m Line recaiver, data transmission

m Drata multiplexing

m Swiiching powear supplics

m Pulze transformer replacament

m Computar-peripharal interface

. |
FAIRCHILD
I

SEMICOMDUSTORY

of 8).

Description

The 8M137, HCPL2601, HCPL2611 single-channel and
HCPL2e30, HCPL2e
consist of a 850 nm AlGaas LED, optically coupled to a
vary high speed integrated photo-detector logic gate with
a strobable cutput. This output faatures an open collec-
tor, thereby pammitiing wired OR outputs. Tha coupled
parameatars are guaranteed over the temperatura rangs
of -40°C to +85°C. A masamum input signal of 5maA will
provide a minimum cutput sink current of 13maA (fan out

Single-Channel: 6N137, HCPL2601, HCPL2611
Dual-Channel: HCPL2630, HCPL2631
High Speed 10MBit/s Logic Gate Optocouplers

dual-channel

January 2011

optocouplars

An internal noise shield provides superor common
mode rejection of typically 10kV/ps. The HCPL2601 and
HCPL2E31

has a minimum CMR of 5kVius. The

HCPL2611 has a minimum CMA of 10kV/ s,

Schematics
wofl el g et
I.I.FI '_-T-"
N E- ) 7| Ve E_I 3”-:1

v, Nk

E_ H_Ev': E y Ev-::
'[- '.I"1 }"’ -

NiC[4] j 5| GND Nns “] L[5 amo
SNisT HCPL2630
HCPL26M
HCPL2611 HCPL2E3

A 0.1pF bypass capacitor must be connected befwesn pins 6 and 500,

Package Outlines

B

& &

Truth Table [Positve Logic)

Input Enable Output
H H L
L H H
H L H
L L H
H [ H L
L MG H

E200E Fairchild Samiconductor Co

BM13T, HCPL2E01, HOPL2E11, HC

30, HCPL2631 Rew. 1.0.6
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Absolute Maximum Ratings (T, = 25°C unless otherwise specified)
Stresses exceeding the absolute maximum ratings may damagea the device. Tha device may not function or be
operable above the recommended operating conditions and stressing the parts to these levals is not recommended.
In addition, extended exposure fo stressos above the recommended oporating conditions may affect davica raliability.
The absolute maximum ratings are stress mtings only.

Symbaol Parameter Value Units
Tare Storage Temperature -55 10 +125 =
Torm Crperating Temparature -4 to +85 =
Tam Lead Solder Temparature (for wave soldering only)* 260 for 10 sec =

EMITTER
I DCiaverage Forward Single Channal 50 mi&
Input Currant Dual Channeal (Each Channel]
Vi Enable Input Violtaga Mot to Exceed | Single Channal 55 vV
Voo by mora than 500m\Y
Vr Reversa Imput Voltage Each Channal 5.0 v
P Powear Dissipation Single Chanmnal 100 miv
Dual Channal (Each Channal) 45
DETECTOR
Vo Supply Voltage 7.0 vV
{1 minute max)
I Crutput Current Single Channal 50 M
Dual Channeal (Each Channal) 50
Vo Cutput Violtage Each Channal 7.0 vV
Pao Collector Output Single Channal 85 mivy
Power Dissipation Dual Channal (Each Chanmel) 60

*For peak soldering reflow, pleasa refer to the Reflow Profile on page 11.

Recommended Operating Conditions
The Recommended Operating Conditions table defines the conditions for actual device operation. Recommended

operating conditions are specified to ensure optimal performance o the datashest specifications. Fairchild doss not
recommend excesding them or designing to absolute maximum ratings.

Symbol Parameter Min. Max. Units
I Irput Current, Low Leval 0 250 A
= Input Current, High Lewvel 6.3 15 mA

Voo Supply Violtaga, Output 45 55 W

Vo Enable Violtage, Low Level 0 0.8 W

Ven Enable Violtage, High Lavel 20 Voo V
T, Low Lewvel Supply Cument -40 +85 i -
M Fan Ot (TTL load) a

"&.3mA is a guard banded value which allows for at least 20%: CTR degradation. Initial imput currant threshold valua

i& 5.0maA or less.

E2006 Fairchild Semiconductor Co o

BM137, HCPL2601, HCPL2G11, HC 30, HCPL2631 Rew. 1.0.6
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Individual Component Characteristics

Electrical Characteristics (T, = 0 to 70°C unless otherwise specified)

Symbol | Parametar Test Conditions | Min. | Typ.* | Max. | Unit
EMITTER
Wi Imiput Forward Voltage I = 10maA 1.8 W
[ Ta= 25°C 14 | 175
Byn Input Reverss Breakdown | Ig = 10pA = 1] W
Viohage
Cin Input Capacitance Vp=0,f=1MHz &l pF
AVE AT, | Input Dicde Temiperaturs I = 10maA -1.4 m\ G
Cosfficient
DETECTOR
IooH High Lewvel Supply Current | Wiop = 5.5V, I = 0maA, Single Channel Fi i0 m#
Ve=05V Dual Channel 10 15
e Low Lewel Supply Current | Single Channal Voo =55V, G 13 mid
I = 10mA
Dual Channsl Vg =05V 14 21
lgL Low Lewel Enable Cumment | Vg = 5.5V, W = 0.6V 0.8 -18 mA
Iy High Level Enable Current | Wiop = 5.5V Vg = 208 0.5 -16 m#&
Yy High Lewvel Enable Violtage | Vi = 5.5V, I = 10mA 20 W
VeL Low Lewvel Enable Voliage | Voo =55V Ip= 10mald 0.8 W

Switching Characteristics (T, = 40°C to +85°C, Voo = 5V Ip = 7.5mA unless othanwise specified)

Symbol | AC Characteristics Test Conditions Min. | Typ." | Max. | Unit
Tre Propagation Delay Ry = 3500, | Ta=255C 20 45 75 ne
Time to Output HIGH | C, = 15pFi" {Fig. 12) 00
Lewel
Tpe | Propagation Delay Ty = 25"l 25 45 75 | ns
Time to Cutput LOW  T'e _ acon ¢ = 150F (Fig. 12) 100
Liavel
ITpu—~Tpyyl | Pulse Width Distortion | (Ry = 3500, Cy = 15pF (Fig. 12) 3 B | ne
L Output Rise Time R, = 3500, Cy = 15pF0 (Fig. 12) 50 ne
{10-808)
i Oudput Risa Tima R, = 3500, G, = 15pFU'] (Fg. 12) 12 ns
{90—1085)
taH Enabls Propagetion Ip=7.5mA, Voy =35V, A =3500, 5 = 15pFIE] 20 ne
Delay Time o Output | (Fig- 13)
HIGH Level
teL Enable Propagation | Ip = 7.5mA, Vi = 3.5V, Ry = 3500, Cy = 15pF) 20 ne
Delay Time to Qutput | (Fig. 13)
LOW Level
ICMyl | Common Mode Ta=25°C, Wyl = 50V | 6M137, HCPL2630 10,000 Vips
Transient lmmunity  {Paak), I =0ma, HCPL2601, HCPL2631 | 5000 | 10,000
{at Qutput HIGH Level) | Vioy (Min.) = 2.0V,
Ay = 35000 (Fg. 14)
Nl = 400V HCFL2611 10,000 | 15,000 Vips
ICM,|  |Common Mode R, = 3500, | = 7.5mA, | 6N137, HCPL2630 10,000
Transient Immunity Vo (Max ) = 0.8V, HCPL2601, HCPL2631 | 5000 | 10,000
{at Qutput LOW Level) [T, =25C!'!(Fig. 14)
Nl = 400V HCFL2611 10,000 | 15,000
E2006 Fainchild Samiconductor Col o wwa_mirchildssmi_com
EM 13T, HOFL2601, HCPL3E11, HC 30, HCPL2631 Rev. 1.0.B 3
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Electrical Characteristics (Continuad)
Transfer Characteristics (T, = 40 fo +85°C unless othamwise specified)

Symbol DC Characteristics Test Conditions Min. | Typ.* | Max. | Unit
low HIGH Level Ouiput Current | Vipp = 5.5V, Vip = 5.5V, 100 LA,
| = 250pA, Vg = 2.0V
Voo LOW Level Output Currant | Voo = 5.5V Ie = 5ma, Ve = 2.0V, .35 0.8 )
lc = 13mal
I Input Threshold Gurrant Voo = 5.5V, Vg =06V, Vo = 2.0V, 3 5 ma
lg = 13mA,

Isolation Characteristics (T, = -20°C 1o +85°C unless otherwiza specified.)

Symbol Characteristics Test Conditions Min. Typ.* Max. Unit
o Input-Cartput Insulation Relative humidity = 45%, 1.0° LA
Leakage Currant Ta=25°C 1 =5s,
Vio = 3000 VDC12)
Vigg  |Withstand Insulation Test AH = 507, T, = 25°C, 2500 Vans
Voltage o < 2pA, t = 1 min.12
Ry |Resistance (Input to Output) |V, = 500VT2) 1012 Q
C,o |Capacitance (Input to Output) |f=1MHz(12) 0.6 pF

*All Typicals at V. = 5V, T, = 25°C

Notes:

1. Tha V-~ supply to each optoisolator must be bypassed by a 0.1pF capacitor or larger. This can ba aither a ceramic
ar mllﬁcarrtalum capacitor with good high frequency characternistic and should be connecied as close as possible
io the package Vi and GHD pins of each device.

2. Each channal
3. Enabls Input — Mo pull up rasistor required as the device has an infemal pull up resisior.

4. ipuy— Propagafion delay is measured from the 3.75mA level on the HIGH to LOW transition of the imput cumant
pulse o the 1.5 V level on the LOW to HIGH transition of the output voltage pulsa.

5. ipyL — Propagafion delay is measured from the 3.75mA level on the LOW to HIGH transition of the imput cumant
pulzsa to the 1.5 V leval on the HIGH to LOW transition of the output voltage pulsa.

6. i — Rise time i measured from the 90°% to the 10%: levels on the LOW io HIGH fransition of the output pulsa.
T l,— Fall time is measured from the 10% to the 90% levels on the HIGH to LOW transition of the ouiput pulsa.

Enable input pru-palganun delay is measurad from tha 1.5V level on the HIGH fo LOW transition of the input
Lft'ilga pulsa fo the 1.5V | on tha LOW to HIGH fransition of the output woltage pulse.

Q. Enable inpu Panun delay i= measurad from tha 1.5V level on the LOW to HIGH transition of the input
'-I!taga pulsa fo lha 1.5Y vel on the HIGH to LOW transition of the output voltage pulse.

10. CMy — The maximum tolerable mte of fse of the common mode voltage to ansure the cutput will remain in the
HIGH sfata (i.e., Vour = 2.0V). Measured in volts par microsacond (Wips).

11. CM,_ — The maximum tolarable rate of rise of the common mode voltage to ansure the ouiput will ramain in tha
LOW output stata (i.e., Yoyt < 0.8V). Measured in volts par microsecond (Vips).

12. Device considered a two-terminal device: Pins 1, 2, 3 and 4 shoried together, and Pins 5, &, 7 and 8 shoried
togather.

22006 Fairchild Semiconductor e Iairchildssmi com
EM13T, HOPLIBDT, HCPLIE1 1, HC 30, HCPL2631 Rew. 1.0.6 q
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intersijl.

Data Shoot

Dual Power MOSFET Driver

The ICLTES7 is a dual moneclithic high-speed driver designead
to convert TTL level signals into high current outputs at
voltages up to 15V Iis high speed and curment output enable
it to drive large capacitive loads with high slew rates and low
propagation delays. With an ocutput voliage swing only
milllvolts less than the supply voltage and a maximum supply
valtage of 15V, the |CLTBET is well suited for driving power
MOSFETs in high frequency switched-mode power
converters. The KCLTGET s high current outputs minimize
power losses i the power MIOSFETs by rapidly charging
and discharging the gate capacitance. The ICL7YE67 s inputs
are TTL compatible and can be directly driven by common
pulse-width modulation control ICs.

Ordering Information

PART TEMP.
NUMBER PART | RANGE PKG
{Note) MARKING | (°C) | PACKAGE |DWG.#

ICLYGGTCBA" | 7GAT CBA Oto 70 (B Ld SOIC (M) |MB.15

ICLTGETCBAZA |T667 CBAZ | Oto70 |BLd SOIC (M) |MB.15
[Po-Free)

ICLYGETCPA" | T0GY CPA Ote 70 |ELdPDIP EE3

ICLTGETCPAZ |7667 CPAZ | Oto70 |E Ld PDIP EB3
[Po-Free)

"Add °-T =ufix for tape and reel. Please refer to TE24T for details on
res specifications.

*Pb-free POIPs can be used for through hole wave solder processing
only. They are not intended for use in Refiow solder processing
applications.

MWOTE: These Intersd PoSree plastic packaged products employ
special Pb-frez matenal sets, molding compounds/die atach
materials, and 100% matie tin plate phus armeal (23 temination
finish, which is RoHS compliant and compatible with both SnPb and
Pi-free soldering operations). Intersil Pb-free products are MSL
classfied at Pb-fres peak refliow temperatures that mest or exceed
the Pb-fres requirements of IPC/JEDEC J STD-D20.

ICL7667

April 29, 2010

FN2853.6

Features

= Fast Rise and Fall Times
- 30ns with 1000pF Load

= Wide 15V Supply oltage Range
- V= +4.5 to +15V
- \V-=-15V to Ground [0WV)

= Low Power Consumgption
- 4 with Inputs Low
- 20mW with Inputs High
= TTLCMOS Input Compatible Power Driver
- Rour=702Typ
= Direct Interface with Common PWM Control [1Cs
= Pin Equivalent to DS00268/D50058; TSC428
= Pb-Free Available (RoHS Compliant)
Applications
= Switching Power Supplies
= DCIDC Conwerters
= Motor Controllers

Pinout
ICLTBET
{8 LD PDIP, SOIC)
TOP VIEW
had

NG E E[ HIC
M & E_[:)n_zl oUT &
v [ <] v
HE[4] >0—E[ QUT B

Functional Diagram {Each Driver)

Vio

B2MA

S

n—f

Vo

7 CALUTION: These gevices ane sensiive io slecirosiatic dischamge; folow proper IS Handling Procsdunes.
1-EB8HNTERSL or 1-885~858-3774 | Infer=ll (and design) IS & registered trademan: of intersl] Americaes Inc

Copyright Infersl Amenicas inc. 1598, 2005, 2010 A Rights Resersed
Al ofher trademaris rentonsd are Se propery of ther respecive owners



ICL7667

Absolute Maximum Ratings

Supply Voltage Ve to V- . .

Input Woltage ... ... L.,
Package Dissipation, Ta #25°C. . .

Dperating Conditions
ICLTBETC. . . .

........ - 4 141
DU o e £ 0.3V
S0

.. 0o +70°C

Supply Voltages: V+ = +4.5V to + 15V \- = Ground to - 15V
Logic Inputs: Logic Low = - < Vin < 0.8V ; Loge High = 2.00< Vin <
W+

Thermal Information

Themmnal Resistance (Typical, Note 1, 2)  &a ("CAN) 8“0
ALdPDIP Package .. ............ 150 MiA
ALdS0IC Package .. ............ 170 MiA

Maximum Storage Temperature Range. .. .. .. .. -85 to +150°C

Mazimum Lead Temperature {Soldering 10s) ... o300RC
{SOIC - Lead Tips Cnly)

Pb-Free Reflow Profile. ... .. ... ... L. see fink bebow

hittp:dfwnames intersil.comd pbfree’Po-FreeRefiow. asp
Pb-free POHPs can be used for through hole wave solder processing
only. They are not intendsd for use in Refow solder pmocessing
applications.

CALTION Do not operate & or near the madmum ratings isied for extendsd perods of fme. Exposure o such condtions may amversely impact procuct rellabilty and

result in falures nof covered hy wamanhy
NOTES:

1. 8y is measured with the compoenent mounted on an evaluation PC board in free air

&

2 For g, the “case temp” location is the center of the exposed metal pad on the package underside.

Electrical Specifications Pammeters with MIN andior MAX imits ane 100% tested at +25°C. V+ = 0V unless otherwise specified.
Termperature limits esablished by characherizabon and are not production tested

ICLT&ETC, M ICLTEETM
T =+25C 0°C 2Ty S+70°FC
PARAMETER | SYMBOL TEST CONDITIONS Mn | Tvp [max | MmN | TYP | max |uTs
DC SPECIFICATIONS
Logic 1 Input Voltage ViH V=45V 20 20 - v
Logic 1 Imput Voltage Wil WV = 15V 20 20 - W
Logic 0 Input Voltage Vi V=45V 1] - - 05 v
Logic: 0 Imput Voltage ViL W= 15V og - 0.5 W
Input Cument L W+ = 18V, Wy =0V and 15V 01 - ol 01 - o1 &
Output Viodtage High Vo W+ =45V and 158V Ve-0.05 Wt V01 Wt v
Duitput Violtage Low Voo W+ = 4.5V and 15V 1] 0.05 - 01 v
Dwitput Resistancs Rour | Vin=ViL lour =-10ma, V+ =15 7 - 12 o
Dutput Resistancs Rour [ Vin=Vig, lour = 10mé, Ve = 15 | - 13 o
Power Supply Cument loo W+ = 18\, Wy = 3V both inputs 5 7 - 3 m&
Power Supply Cument loo W+ = 18\, Wy = OV both inputs 150 400 - 400 &
SWITCHING SPECIFICATIONS
Delay Time Toz {Figure 3) 35 50 - e i] ns
Rize Time Tr {Figure 3) 20 i - 40 ns
Fall Time TF {Figure 3) 20 i - 40 ns
Delay Time Tos {Figure 3) 20 i - 40 ns
? | Aintersil agr 25,2010
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FIH. IRF740

N - CHANNEL 400V -048Q -10A-TO-220
PowerMESH™ MOSFET

TYPE Voss Rogges) lo
IRF7a0 | 2400 v <05 0 0 A
« TYPICAL RpSjon) = 0.48 0
s« EXTREMELY HIGH dvidt CAPABILITY
s 100% AVALANCHE TESTED

s« WERY LOW INTRIMSIC CAPACITANCES
« GATE CHARGE MINIMIZED

DESCRIFTIOMN

This power MOSFET is designed using the
company's consolidated strip layout-based MESH
OVWERLAY™ process. This technology matches
and improves the performances compared with
standard parts from various sources.

APPLICATIONS
s HIGH CURRENT SWITCHING
« UNMINTERRUPTIBLE POWER SUPPLY (UPS) INTERNAL SCHEMATIC DIAGRAM
« DCIDC COVERTERS FOR TELECOM, otz

INDUSTRIAL, AND LIGHTING EQUIPMENT.

ERL

wiENI)

ABSOLUTE MAXIMUM RATINGS

Symib ol Parameter Value Unit
Vs Crain-source Voltage (Voe =01 400 W
Vpas  |Drain- gate Voltage (Rge = 20 ki) 400 W
Vs Gate-source Voltage + 20 W
I Crain Current (continuous) at T. = 25 °C 10 A
In Drain Current {continuous) at T. = 100 "C 6.3 A
lpaa (=) |Dirain Current (pulsed) 40 A
Pie  |Total Dissipation at T, = 25 °C 125 W

Derating Factor 1.0 WFG

dul/dt{1) |Peak Dicde Recovery woltage slope 4.0 Wins
Taig Storage Temperaturs -G8 to 150 “C
Tj Max. Operating Junction Temperature 150 "C

* EE] RN LT [V S LT I U T e—— | O
Firsl Digt of the Dabecnde BeingZ orK deniifles Sliicon Chamacterized In Mis Datashest
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IRF740

THERMAL DATA

Ritjcase | Thermal Resstance Junction-case Max 1.0 "CwW
Einj-amy | TR2rmal Resstance Junction-ambient Max 2.5 olCIW
Rine.sine | Thermal Resstance Case-sink Typ 0.5 "G
Ti Maximum Lead Temperature For Soldering Purpose oo "G
AVA| ANCHE CHARACTERISTICS
Symbaol Parameter Max Value Unit
lag Avalanche Current, Repetitve or Not-Repstitive 10 A
|{pulse width limited by T, max)
Exz Single Pulse Avalanche Energy 520 mal
{starting T; = 26 °C, g = lag, Vpp = 50 V)
ELECTRICAL CHARACTERISTICS (Tgass =25 °C unless octherwise specified)
OFF
Symbaol Parameter Test Conditions Min. | Typ. | Max. | Unit
Viempes | Drain-source =250 p& Vea=0 400 ')
Breakdown Voltage
lnzs Zero Gate Voltage Ve = Max Rafing 1 L&
Drain Curmrent (Waz = 0} | Vs = Max Rating T=125"°C 50 pA
lass Gate-body Leakage Ve =220V + 100 né
Current (Wpe = 0)
ON (+)
Symbaol Farameter Test Conditions Min. | Typ. | Max. | Unit
Vazan | Gate Threshold Vg = Was Ip= 250 pa 2 3 4 v
Vaoltage
Rpgeny [Static Drain-source On Vg, = 10V ;=53 A 043 | 0.55 !
Resistance
lojeny  ['On State Drain Current |V = kogan) X Rosgss jmax 10 A
Vas =10V
DYHAMIC
Symbaol Parameter Test Conditions Min. | Typ. | Max. | Unit
Qs {‘:I Forward 'Ilrm > hl_:‘lll X Hﬂlﬁl_:!nur-z II:‘i =g A 5.8 5
Transconductance
Cas Input Capacitance V=26V f=1MHz Vae=0 1400 pF
Cess  |Dutput Capacitance 2 pF
- Reverse Transfer 27 pF
|Capacitance
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IRF740

ELECTRICAL CHARACTERISTICS (continued)

SWITCHING ON
Symbaol Parameter Test Conditions Min. | Typ. | Max. | Unit
Lijesy  |Twrn-on Time Ve =200V Ig=5A 17 ns
tr  |Rise Time [Re=470 Vge=10V 10 ns
(z2e test circuit, figure 3)
Q, Taotal Gate Charge Vg =320V Ip=10T A Vgg= 10V a5 43 nC
s Gate-Source Charge 1 nC
L Gate-Orain Charge 12 nC
SWITCHING OFF
Symbaol Parameter Test Conditions Min. | Typ. | Max. | Unit
tiyweiny | Off-woltage Rise Time |[Vee=320V Ip= 10 A 10 ns
ts Fall Time Re=470 Vae=10V 10 ns
te Cross-over Time {see test circuit, figure 5) 17 ns
SOURCE DRAIN DICDE
Symbaol Parameter Test Conditions Min. | Typ. | Max. | Unit
l= Source-drain Current 10 A
lzpag(=) |Source-draim Current 40 A
{pul=sad)
Vgp (=) |Forward On Voltage lam=10A VWe=z=10 1.6 v
lap =10 A di'dt = 100 Ajus arn ns
Vg =100V T;j=150°C
(s=e test corcuit, figure §) 3.2 pC
17 A
=%

Themal Impedance
K SLElsin
1L 1TIINN
3 =05 T =T ]
il [
0.2 =
Q.1 il
10" i
.05
0.6 T = kA
. 1 =t/
e T
A SIMGLE PULSE
fy b
u_'i

177 10 1™ 1wt et s
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IRF740

Cutput Characternistics Transfer Charactenstics
— ESHEEES
o (&) a I{4] r
16 v 16 'ﬂ
Yy =1 .ll
12 — 12 'I.
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4 5y ]
——
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IRF740

Mormalized Gate Threshold Voltage vs MNormalized On Resistance vs Temperature
Temperature
GCTEaST GCM1E0
Vas{Eh} Rty — }
Laapm] ‘J [l
1.1 AN 2.5
Wos=Was || Fi
1= 50k ’
1.0 2.0 ’
;
0.9 1.5
\\
..‘ WtV ||
oE M, 1o [r=5.364
.
oy \ 0.5
0.6 — o
-50 @ 50 iga 150 TACD -%3 & ARG iG0  15aTET)

Source-drain Dicde Forward Characteristics

f | | |
. - il
of S
.._..-""-'-'.I _-"'F. |
L] T
] A
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0.8 e
I 1m0
0.4
0.2
o 4 a 12 16 lafa)
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High Frequency Inverter circuit for UPS Systems

Emad Fazool
Brumel University, TILE.
emad rasool@bnme] ac.uk

Absracs- In this paper an On-Line UPS sysiem is proposed.
The traditional inverter in the donble comversion On-Line UPS
system is replaced with a high frequency imverfer so that the size
and hence the performance of the UFPS is improved. The imput
as well as the onipot frequencies of the proposed UFS iz shll
S0Hz, bowever the intermal operating frequency of the UPS
inverter it hizher than 50Hz.  The challemge in this proposed
circwit s to keep the 50Hz go throngh the transformer windings
without altering the transformer high-frequency desiem. The
resulis presented in this paper are shown af 500Hz and this i=
mainly to demeonstrate the idea. However, a muoch higher
frequency cam be msed.

Index  Terms—Imverter, Hizh-frequency,
Transformers.

UPS  system

I. INTRODUCTION

Unintermuptible Power Supply (UPS) systems are widely
used nowadays for protecting critical loads. There are several
UPS topologies available on the market which can come
mainly under two fypes: off-lne (including line interactve
and standby fermo) and oo-line (incloding double coaversion
and delta conversion) [1]. The off-line UPS system has the
advantages of smaller size and less cost compared o the on-
line system  However, the opn-line is more effective
particalarly for very critical oypes of loads. The selection ofa
UPS system depends on economics, relishility, size and also
effecuvensss (pamicularly with ooo-linesr leads such as
CODIPEETS ).

In an off-line UPS (Fig. 1), the critical load is normally
powered from the mains supply, and a small mams-drven
charger keeps the TJP5'c bafteries fopped-up. The filter
reduces spikes and PFI in the supply before it is supplied to
the load and, under these conditions, the mverter does
nothing. When the quality of the mains supply falls below a
certain level, the inverer stars-up virmally instantanecusly
and tzkes over the task of supplying the critical lead from the
battery. This configuration is common in small loads (up to
1KVA).

Trnsfar
melay

AL suppky

Fig. 1. Block diagram of & typical off-line UPS sysbany

Mohamed Diaraish
Brunel University, TTE
Mohamed darwishigbrunel ac uk

To meet the requirements of some very sensifive systems,
the load cannot be supplied directly fom the mams. The load
mmst always e supplied fom a source which is complsately
isplated from the mains supply which will ensure that both
voltage and feguency vanations are eliminated. An on-line
UPS system is usually used im such application as shown in
Fiz 2. The UP5 omiput parameters are indspendent of the
impui and, mnder all conditions of mains supply, ifs owiput
wvoltage and frequency will always be controlled within very
closely defined limits.

| Ac appiy | acDC] lpciact—{ Lead |

Fig. 2. Block dizgram of a typical on-lime UPS systen

In office applications when on-line UPS system is used, it
15 desirable to have a low do veltage level (12, 24, 48 W
To achieve that two Tansformers have to be used in order to
semp up and step dowm the voltage levels as shown m Fig.
i

Step-domm

Transformar

5t
o

Fig. 3. Block diagram ofa bow voltage DN link on-line UPS

PRI

As shown in this fgure, the step down transformer is used
to bring the supply voltage fom 240 mms o 122401 42 volis.
The rectifier is then used to charge the battery as well as
supplving the power to the load wia the do'ac ioverter.
Obvionsly another wansformer is required to step up the
omiput veltage of the ioverter to the load. These transformers
are operated at 50Hz fiundamental frequency. About a third
of the volume of the UPS is occupied by these transformers.
The physical size  benoce weight and overall cost of the TPS
systems could be sipmificantly reduced by operating these
transformers at higher fSequency than 50Hz. Advances in
semiconductor technology make the operation of power
comverters at higher switching frequencies possible, thus the
energy  ransmission can be  accomplished with  high
fraquency (HF) power CoOversion
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Authors belisve that there iz 3 gap i the market for
effecave, yei compact UPS systems  Advancemenis in
elecmonics have reduced the costs of inverters considerably
and have increased the relisbility. However reduction in size
is siill long way to go pardoularly with low voltage DIC link
on-line TUPS systems [X]. This is mainly becanse the growth
of small powerful computers does not match with present
TUPS systems where the size of the ransformers counld be as
large as half the size of the entire UPS system  Also the
weight of the two transformers could exceed half the weight
of the TJPS system as shown in the size disoibution in Fig. 4.

Comirol circets
-
Convarier
Cincuits S Hz
Tranuformers

rﬁlﬂni.u

Fig. 4. Gizm distribuiicn in 2 typical Co-Line UPS sysiem

The physical size, hence the weight and owverall cost of
UPS cystems could be sigmificantdy redwced by operabong
these mansformers at moch higher frequency than 50 Hz
Analysizs and simulation results of this propesed UPS system
1= presented m the following sections.

O AMALYSIS

In 3 typical wansformer the fhoe penerated m the core can
be prasentad as:

(1

P = gy sinot
E=NZ (2)

£}

For comstant E___ &, ., 15 = Liw

Where w= Ini

Mow, ¢ = B__ = (Come cross sectiomal area of the
mansformer).

Therefore, for constant B..:

Core cross sectional ares of the ransformer is = 1§

For example, a 10 kHz gansformer wonld, in theory,
requre 3 core ared 20 mmes smaller than a 50 Hz
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transformer for the same power. In practce, the Tansformer
could not be guite this small as the size of the windings and
insulation cannot be redwced for the same power and voltage
rafings. Also 3 very small censformer has less surface area to
dissipaie the heat

The task i to desizn an on-lins UPS system which operates
imternally at high fequency (in order to reduce the
mransformers size) and also to keep both ourput and input
Taquencies at 50 Hz

IOI. PROPOSED TOPOLOGY

In order to achieve the high frequency intemal operation of
the UPS system and keeping the input and output frequenciss
at S0Hz, the block disgram shown in Fig 5 is proposed.

e

| Ac ssppiy H Aol {poiac] Im'
e

14
20 v TN 240y
Soitx Hikie - it
LT e

Fig 3. Block dingram of the proposed EIF UPE system

The 24% DT is achieved throngh the rectifier cinouit where
the AC is recufied and chopped to the desited low D
woltage, The DCVAC inverter iz wused to increase the
frequency to 20 kHz - modulated at 50Hz. The 50Hz
mdulated component will not affact the ransformer design
a3 will be shown in the next paragraph In ideal simation the
ransformer should operate at very high frequency in order to
reducs the core cross secton area. However, the winding size
is mot reduced or affected by the high frequency operation.
Therefore & critical size of the mensformer core 15 requited 1o
hold the mwansformer windings, A 20 kHz was the cridcal
frequency at which the size of the Tansformer could not be
reduced further. Fig. & shows a picmre of the Tansformer
used in such systam.

Fig. f. HF Transiormer uwed in the proposed UPE sysiem



The transformer core used is VITEOPERM 500F. Ithas a
munber of advantages over ferrite cores which inchades [3]:
Smaller size (for the same powsr rating)

More smitable for high cumrents and/or high voltages
High efficiency, low power loss

Smitable for high and low ambient temperatores and
high operating temperaniras.

Mo operating noiss.

Best snited for winding of thick wires.

Fig. 7 shows: the PSPICE :immlated waveforms of the
mansformer and load voltages The tansformer switching
frequency mn this fipure has been selected at 500 Hz for
demonsiraton purpose in order to see the pattern in & clear
way. It can be seen that although the transformer voliage is
500Hz, there are two 50Hz components going through the
transformer in opposite way so that they cancel each other
and only the 500Hz is the frequency seen by the transformer
{not the 50HZ) as shown in the frequency specira in Fig 8.

COMCLUSIRG

In this paper, an on-lime UPS cirowit topology is proposed.
The inverter cincmit used in this UPS operates at higher
fraquency so that the size of the transformer can be reduced.
This configuration could be afactive to small size office
PS5 nnits where the bafery voltage needs o be kept ara safe
low wvaloe (12 or 24V). The simmlation resulis reveals that the
mansformer dees not see the 50Hz component and this is
mainly becsuse the high frequency is modulated at two 50Hz

anti-phase Tequencies.
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